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-ABSTRACT 
Miocene volcanic activity constructed the Lyttelton composite con e 11 -10 Ma 
ago. The LytteIton volcano which forms the north western half of Bank s 
Peninsula r epresents a significant volume of mafic volcanic rocks together 
with some of felsic and minor intermediate composition. In addition to 
these, tht; volcano is characterized by pyroclastic deposits (lahars and 
lithic-crystal tuffs). Lyttelton lavas are intruded by numerous radial dikes 
and also by a variety of lava domes, sills and plugs. Th e volcanism was 
mainly Hawaiian in style, with some Vulcanian and occasional Strombolian 
styles of activity. 
Within this composite volcano, two major phase of volcanic activity are 
recognized. These are the main phase (the older) and late phase (younger) 
Lyttelton volcanics defined on the basis of field relationships, petrography 
and geochemistry. The la te phase volcani cs are designated formall y as the 
Mt Pleasan t F ormation. The main and late phase Lyttelton volcan ics ran ge 
from mafic to felsic rocks compositions. The dikes range from basalt to 
tra chyte and intruded the volcano during the main and late phase of 
volcanic activity. Sills and intrusions have felsic compositions. The major 
valleys and the lahar deposits represent periods of degradation of the active 
cone. 
Both the main and late phase (Mt Pleasant Formation) Lyttelton volcanics are 
alkaline tending transitional in geochemical affinity. The alkaline, sodic 
series Lyttelton rocks are members of the alkali olivine basalt association and 
this designation is consistent with mineralogy. Some intermediate and felsic 
Lyttelton rocks are subalkaline and potassic in composition, but they are 
classified as alkaline olivine basalt associations on the basis of their 
mineralogy. 
Th er e ar e geoch emical distin ctions in major oxides , trace -elements and 
normative min eralogy betw een th e main and lat e (Mt Pleasa n t F ormat ion) 
Lyttelton rocks. The petrogenesis of the main and late Lyttelton volcanics 
mafic lavas is best explained by low pressure crystal fractionation of the 
observed phenocryst phases. Th e in termediate an d f elsic rock s are derived 
by similar processes with min or crusta l contamination. Tectoni ca ll y, Ly ttelton 





Banks Peninsula consists mainly of the eroded remnants of two lar ge 
stratovolcanoes, Lyttelton and Akaroa. In recent years, the geology of 
Banks Peninsula has been increasingly studied and discussed . However, 
studies on the Lyttelton volcanics, have been very limited. For this rea son , 
the present study has been selected with the primary intention of producing 
detailed geological, volcanological and petrological interpretations and 
secondly to add to the present understanding of the evolution of Banks 
Peninsula. 
1.1 Location of study area 
Th e north -eastern sector of Ly ttelton volcano is loca ted about Lon g.l72 
44' and Lat.43 36' in the northern quadrant of Banks Peninsula, on the 
east coast of the South Island , New Zealand (Fig. 1.1). 
The boundary of the area towards the east is the Tors and towards the 
north Ferrymead, incl uding the Redcliffs and Sumner areas. The sou thern 
boundary is Cass Bay and Lyttelton Harbour (Fig. 1.1). 
1.2 Physiography 
Lyttelton volcano has und 'ergone extensive erosion to produce the present 
highly dissected terrain. Points of highest elevation are mostly 
confined to the central parts of the mapped area (Fig. 1.1). Most of 
these peaks are made up of successions of lava flows. The highest peaks 
in the area are Mt. Pleasant (499 metres a.s.l), the Tors (460 metres 
a.s .1.) and Mt. Cavendish (455 metres a.s.1.). These peaks have an 
ill -de f in e d east -west alignment, probably related to the :{..yttelton 
crat er -rim margin (s ee later disc uss ion). 
In general, the physiography of the area records a juvenile drainage 
patt ern . N umerous valJe ys radiate f rom the Summit road in diff erent 
directions an d are i ncised in't o rock bod ies comprising lava flows and 


















Vegetation is dominantly a mixture of grazing land, both grass and 
tussock, with some native bush in the inaccessible valleys and creeks . 
Patches of bush occur in some places, such as the Jollies Bush Scenic 
Reserve (Fig. 1.1). 
Access to the mapped area is generally good and gained via the Summit 
Road (Fig. 1.1) which goes though the central part of area. Numerous 
tracks and wa lkways cross the study area . 
1.3 Purpose and scope of study 
The aim of this study is 
geochemistry and volcanic 





Th e primary objectives oj the study are three fold: 
[1) Detailed geological mapping and stratigraphy of the area: -
petrology, 
sector of 
(a) The identification of lava flows and their correlation between 
different outcrops on the basis of field characteristics. 
(b) The description of vertical variation in Ii thologies 
(stra tigraph y). 
(d) To present a detailed geological map 
(2) Petrological and geochemical studies: 
(a) To present geochemical data, and describe the variation of major 
and trace element concentrations. 
(b) To compare the petrology of the volcanic rocks of the study area 
with other parts of Banks Peninsula . 
(c) Discuss the petrogenesis of the magmas and magmatic processes 
involved. 
(d) To assess the regional tectonic setting based on geochemical 
data . 
(3) To comment upon the geological history of the area, based on the 
results obtained from the stratigraphy and geochemistry. 
FiB' 1.2 Satellite imago of flanks Peninsula and aerial 




1.4 Field work 
Field work was undertaken over a period of five months between June and 
December 1987 . Mapping was conducted u sing aerial photographs and 
topographi c maps. Maps and aerial photographs used du r ing field work are 
presented in appendix I and sample description and grid references are 
listed in appendix II .. 
Rock exposures are mainly confined to valley sections, cliffIines and 
road cuts. Most of the lavas are mantled by loess deposits. 265 samples 
were collected from different localities for petrographical and 
geochemical analysis . 
1.5 Pre"ious work 
Julius Von Haast was the first to work on the geology of Banks 
Peninsula . In 1859 Haast undertook geological studies on Mt Pleasant. 
Haast (1864) described two centres of volcanism on Banks Peninsula 
(Akaroa and Lytt e lton volcanic ce ntr es), but later (Ha ast, 1879) 
modified his ideas and suggested four centres of volcanism (Akaroa, 
Lyttelton, Little River and Mt Sinclair). 
Speight (1908 , 1917 and 1924) ex tended the earlier work of Haast, and in 
his 1935 publication identified three eruption centres (Akaroa, late 
Lyttelton and early Lyttelton phases). 
Ligget and Gregg (1965) produced the first detail geological map of 
Banks Peninsula and distinguished the Diamond Harbour volcanics from 
Lyttelton and Akaroa volcanoes. Stipp and McDougall (1968) established 
the age of Banks Peninsula volcanics (ranging from 12.0 to 5.8 Ma) using 
K /A r dating. 
Much of t he information on the Banks Peninsula regio n is drawn from 
Canterbury University unpublished theses (Dorsey, 1981, Falloon , 1981, 
Thiele, 1983 and Sewell, 1985). Recent pu blished accounts are those of 
Wea ver ( 198 0) on Lyttelton volca no, Shelley ( 1985, and 1988) on 
Lyttelton vo lcano radial dikes' and Sewell (1988) on the geology of the 
cen tra I region of Banks Peninsula. Summaries on the general geology of 
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Banks Peninsula have been published by Weaver et al (1985) and Weaver 
and Sewell (1986). Lytteiton geological map 1:50,000 Sewell et al. 
(1989). 
1.6 Tectonic setting of Banks Peninsula 
Most of the different volcanic provinces in New Zealand are related to 
Cenozoic tectonic processes (Figs. \.3, \.5) involving the convergence 
of the Pacific and Indo-Australian lithospheric plates (Smith,1986). / 
Cole (1986) has noted that the tectonic setting of most late Cenozoic 
volcanism in New Zealand can be related to the change in position of the 
Indian-Pacific plate boundary (Fig. 1.3). The major active tectonic 
features in New Zealand are a subduction zone dipping westwards 
(Kermadec trench) under the North Island, a subduction zone dipping 
eastward (Puysegur trench) under the South Island and the dextral Alpine 
Fault system between them (Fig. 1.3). At the beginning of Miocene, 
Intra-plate volcanism occurred along the East Coast of South Island 
(Fig. 1.5). 
Late Cenozoic volcanism in New Zealand- has occurred in eleven provinces 
since the beginning of the Miocene (Cole, J 986). The distri bu tion of the 
volcanics is shown on Figure 1.5. The age, chemical type and tectonic 
setting of the late Cenozoic volcanism are given in Table 1.1. 
1.7. Geology of Banks Peninsula 
This section draws heavily from data and results that have been provided 
by other earth scientists writing about the stra tigraphy and geologic 
history of the Banks Peninsula region. This section provides a summary 
of previous work which forms a basis for this more detailed study. 
1.7.1 Geological setting and \'olcanic history of Banks Peninsula 
Banks Peninsula is on the east coast of the South Island, New Zealand 
and comprises two dissected strato-volcanoes, Lyttelton in the 
north-west adjacent to the city of Christchurch, and Akaroa III the 




TallI e 1.1 
- Da ta on the volcanic provinces of 
l lew Zealand region (Col e 1986 ). 
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Column 1 giv es the name of the province, most names being in 
gener a l use. CoJumn 2 g i ve s the number of the province as 
shown in Fig 1.5. Column 3 and 4 gives the geological age 
which may be inferred directly from radiome t ric dat ing or 
indirec~ly f rom stratigr aphy. Column 5 gives the horizontal 
(map ) di stance to the relevant subduction zone __ ColUDn 6 
shoVJS the number of volcanic features within the province . 
Column 7 giv es the amount of spreading infe~red for the 
province and Column 8 t he chemistry of the bulk of the 
provinc e a ccording to t he symbols given below. Column 9 
gives the de signation of t h e tectonic enviroment. Sy mbols 
are a s f oll ows: Age (Co l u mns 3 and 4): Q ~ Quaternary; 















Volcanic f eatures ( Column 6) : (V) = Volcano; (M) ~ v olcanic 
massif . Che mistry (Column a): Et ~ tholeiitic basalt; Ba ~ 
alkali b as al t (+ differen tiates); Bha = high -alumina basalt ; 
Ami: = med i um-Ii: andesi te/daci te; AIK ~ low-Ii: basal tic andesi tel 
andesite ; R ~ rhyolite ; Rp ~ pe~alkaline rhy olite. De signation 
(Column 9) : A ~ . arc ; 0 ~ oceanic marginal b a sin; C = continental 
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Campben PLo.11e-au 
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Sketch map of New'Zealand showing the position 
of the volcanic provinces (Cole, 1986). The 
s~bol used for each province ind icate s t h e 
inferred tectonic designation (s e e table 1.1). 
Vertical or diagonal lines = arc ; h orizontal 
lines = oceanic marginal basin; c ross hatching 







The oldest rocks on Banks Peninsula are those which crop out in the 
Gebbies Pass area, towards the head of Lyttelton Harbour, which are 
Triassic In age. They belong to the Torlesse Terrane, such as the 
Southern Alps, t he Marlborough Ranges and the main ra nge of the North 
Island . They are sedimentary rocks originally deposited as sand, silts 
and muds. 
According to Weaver et al (J 985) the oldest volcanic rocks occur In Mc 
Queens Val1ey and south along Gebbies Pass and were erupted about 90 Ma 
ago. They belong to the McQueens Volcanics (pyroxene andesite and 
peraluminous high silica rhyolites) and are a part of an extensive 
calc-alkaline volcanic field now largely removed by erOSIOn. Volcanic 
rocks of similar age and type occur at Mt Somers, the Malvern Hil1s and 
Rakaia Gorge (Figs.l.4, 1.6). 
Banks Peninsula was submerged beneath the sea 65 Ma ago. During this 
time , sediments were · deposited, compacted and consolidated to form 
Charteris Bay Sandstone. About 15 Ma ago the land had become uplifted, 
probably as part of the Kaikoura Orogeny. Vol ca ni c activity began at the 
same time, with the eruption of Governor ' s Ba y volcani cs (I5.0-12.0 Ma), 
followed by Lyttelton volcanism about 12 Ma years ago (Table 1.2). 
LytteIton lavas are mostly erupted as aa lavas and the activity is 
dominantly Hawaiian in style with some more explosive strombolian 
interludes represented by parasitic scoria cones within the main crater 
and on the outer slopes (Fig.l.8). 
To summarize, Lyttelton volcano is constructed on basement rock 
consisting of Triassic sandstones, mudstones, cherts (Torlesse group), 
Cretaceous volcanics, (McQueens andesite and rhyolite) early to middle 
Tertiary sandstones (Charteris Bay sandstone) and middle Miocene 
Governors Bay Volcanics. During the construction of the Lyttelton cone 
basaltic to trachytic radial dikes were emplaced. Mount Herbert and 
Akaroa volcanoes become active and were follow ed by Church volcanic 
activity. Then the final phase of activity produced Stoddart volcanics 
(Fig.1.7 and Table 1.2). Miocene volcanic eruption in Banks Peninsula 
started about 12 Ma years ago and continued for 6 million years 
recording a change from trtinsitional tholeiitic to moderately alkaline 







? 2,0 ~ km 
[z:J Q uale'n~'y 3nuvlum 
~ Miocene .Ik.::l lln ~ IlvI. 
~ Cr" lce ous rhyoille } 
, MI Soman Volcanics ~ Creta ceous andesUe and docile 
(3J T,ia:nlr: or tywQckt end ~rglllil. 
Fi g. 1.6 Regional. s et t ing or Bank9 Penin,sula, Mt Somers 
and Canterbury Volcanic field.' The Cre t aceous 
andesites and rhyol~tes on Banks Peninsula are 
t he eame B5e BS t he Mt Somers Volcanics (Barley , 
11 986) .. 
Table 1.2 Str atigraphy of Miocene Volcanics ,,'r 
Banks Peninsula (Weaver and Sewell, 1986) 
K/Ar 
GROUP FORMATION AGE RANGE LITHOLOGY (Mo) 
STOOOART POINT 
Fr-",. c:oIuTnor't-joInf.cI, ~ t 
1·0 - ~9 ~ ..... pnyr1C boaonl,.., d ivine -
STODDART 
OLIVINE-BASALTS ba:&a,.. and oU.,.In. ~ howellr .. 
- rora olivine - bo-.atr dI~ 
VOLCA N ICS 
KAIORURU 
Corrvnonty -...ot'herAd • ......&cuI~, pole 
6·9 - 6 ' 9 _._'~-l"¥1c '"' 
OLIVINE HANJlJITE$ CJC)tIyt1c OINWw - hawoItf .. 
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Fr •• h, ClOIumnor .. Jolntwd, ofMn. t 
dlnopyro • ., • .t P'ogIOc:lo •• 4O phyr lcr 
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Fig •. 1 . 7 S1mpl1fied geologic a l map of Danks Peninsula 








Fi~ . 1 . 8 Sketoh map showinB goolog i cal features of I~ytt;ei ton 




olivine basalt-trachyte suite. The older Governors Bay volcanics include 
sub-alkaline anorogenic andesites and rhyolite. The younger Church and 
Stoddart volcanics (Fig 1.7 and Table 1.2) are composed of basaltoid 
rock ranging from basanites to hawaiites (Weaver and Sewell 1986). 
Banks Peninsula remained above sea level throughout the period of 
Miocene volcanic activity. This IS supported by the absence of fossils , 
pillow lavas and hyaloclastites. Walcott (1984) noted that the region 
has not been disturbed tectonically during the Miocene. The elevated 
area of Banks Peninsula is about 1200 square kilometres. 8 Ma years ago 
the highest peaks of Banks Peninsula were about 1500 metres above the 
present sea level. Since then, through erosion, the present height of 
Lyttelton peaks has been reduced to approximately 500 metres . The 
Lyttelton and Akaroa volcanic peaks have been deeply dissected by 
erosion and the sea has invaded major drainage channels to form 
Lyttelton and Akaroa Harbours (Figs 1.7, 1.8). Figure 1.9 summarizes the 
geological evolution of the Miocene volcanics of Banks Peninsula. 
1.7.2 Post volcanic history 
Many of the Banks Peninsula valleys are of ancient origin and are 
related to a drainage system established on the active Lyttelton cone 
(Weaver et al 1985). Old radial drainage channe l s developed into 
Lyttelton and Akaroa Harbours were lengt hened and deepened in post 
volcani c periods (Figs.1.8 and 1.9). 
During glacial periods, thick blankets of loess were deposited on Banks 
Peninsula. The loess originated from the accumulation of wind-blown fine 
quartz sand and silt, probably coming from the Torlesse rocks of the 
Southern Alps and picked up from Canterbury plain by north-west winds 
during glacial periods. About 6000 years ago sea level was a few metres 
higher than it is now. This is confirmed by the presence of -ofd sea 
cliffs, caves and stacks at different localities, around the Peninsula 
such as Redcliffs and Sumner, (Fig 1.1). Recent deposits are represented 
by alluvium resulting from the weathering and disintegration of volcanic 
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STRATIGRAPHY AND VOLCANOLOGY 
Field and petrographic work has led to the sub-division of the Lyllelloll 
Volcallic Group into mail! Lytleltoll and late LytleilOIl phases. The late 
phase l'olcallics are formally designated the "Mt Pleasant Formation" (new 
name). 
2.1 INTRODUCTION 
In this chapter, the stratigraphy and volcanology of the north-eastern sector 
of Lyttelton volcano are described and discussed. Description is based on 
field relationships, petrography and geochemical data. Field descriptions 
and the locations of 310 samples are given in appendix II, 184 thin sections 
examined are listed in appendix III and 64 chemical analyses of 'selected 
samples are presented in appendix V and VI. 
Exposure over most of the north-eastern sector of Lyttelton volcano is poor 
due to a thick mantle of Quaternary loess and vegetation cover. However, 
good exposures occur around the crater walls of the volcano, major valleys 
and shore platforms. The mapped area consists of approximately 62% lava 
flows, 12% pyroclastics and lahars and 1 % intrusives, with 25% loess cover. 
The stratigraphic geology is discussed under separate sub-chapters in terms 
of maill alld late phase Lytleltol! volcallics. Intrusive rocks are described 
separately. Most of the discussion is in terms of three areas identified on 
the basis of geological and geomorphological relationships. These are the 
Tors-Mt Cavendish area, the Mt Pleasant area and Taylors Mistake and area 
east of Evans pass. The stratigraphy of each area is presented and 
composite stratigraphic columns for the whole area have been constructed 
(Fig 1.51). This is followed by a summary discussion of the entire mapped 
area . 
r 
Fig. 2.1 DistanL view of the main phase Lyttelton l ava flows sequence exposed 
bet ween Evan s Pass (EV) and Livingstone Bay (LB). 1- Plagioclase -
phyric benmo reite la va flow, 2= Plagioclase-phyric hawaiite and 
mugear i te l ava sequence. 
Fig . 2.2 Cluse-up view of the ~vans pas s lava flows sequence (2~ exposed ea s t 
of Fvan s Pas s . The red material is ash/lap;lli tuff or the 







2.2.1 Main phase Lyttelton Volcanics 
These comprise plagioclase-phyric ha waiite, mugearite and benmoreite 
lava flows. The hawaiite and benmoreite flows cover mostly the outer and 
inner slopes of the volcano and are distributed throughout the study area. 
Plagioc/ase-phyric hawaiite lava flolVs 
General characteristics:-These are dark-grey, moderately weathered and 
medium grained. The dominant phenocrysts are olivine, clinopyroxene and 
plagioclase. Flows are massive and/or have weak columnar jointing in lavas 
> 8 metres thick. Flows often show rubbly texture and have basal flow 
breccia and alternate with thin « 0.5 metres) pyroclastic horizons (red ash 
and lapilli material). Individual lava flows vary in thickness between 2 
and 5 metres. The total thickness of the sequence is about 80 metres. 
The hawaiite lava flows aTe exposed throughout the mapped area (Fig. 2.7, 
2.13 and 2.22). They have a typical rubbly appearance (Figs. 2.18, 2.21) and 
have basal flow breccias (Fig. 2.15) around Mc Cormacks Bay (GR, 
M36/883390). Around Moncks Bay they are separated by thin «0.50 metre) 
pyroclastic layers and show columnar jointing (Fig. 2.19). The total 
thickness of the flows is more than 50 metres at Moncks Bay (Fig. 2.21 and 
GR, N36/904374). Cave Rock, Sumner (Fig. 2.5) is a good example of the 
rubbly nature of the flows . This cave was formed by the removal of 
rubbly aa lava by marine erosion. South of Sumner, (GR, M36/895352), 
flows show regular to knobbly jointing (Fig. 2.46). Around Sumner (GR, 
M36/915373) flows are medium to coarse grained and porphyritic (Fig. 2.20). 
Plag ioc/ase-phyric mugearite:-
General characlerislics:-This unit is dark-grey in colour and fine-medium 
grained. The thickness of the unit is variable (5-15 metres) . The dominant 
phenocrysts are plagioclase, olivine and clinopyroxene. This flow is weakly 
jointed and is separated from the overlying and underlying flows by thin 
«0.50 metre) pyroclastic (ash and lapilJi) layers. Flow breccia is absent or 
very poorly developed . This unit is exposed around the Evans Pass area 
r 
Tabl e 2.1 Strat i~raphy of the north-e asten sec tor of Lyttelton volc ano . 
GROUP ERASE FORMATI ON 
LATE I"T FLEASANT 
LYTTELTON 
EXTRUSIVE ROCKS 
~Dark-grey moderat ely tabular to 
columnar jointed, medium grained, 
oli vine-· py to xene-p l agiocl a se-phyric 
hawaiit e of tbe Tors , Mt Cavendish 
and Mt Pleasant ar ea. 
-1:edium t o fine grained mugearite lav a 
flows of the Tors area and benmoreite 
lava fl ow of the J\~t Cavendish area. 
-Columnar, tabul ar. to irregular jointed , 
weathered, medium-coarse grained, grey 
yellow p ink, pl ag i ocl a se phyric t rachyt e 
flow of the k t Fl ea sant area. 
-Lithic-crystal tuff of the bit. Pleasant 
and ~:.t. Cavendi sh area and lahar deposits . 
VOLCAi,I CS I -----t--------t------------------------+ 
II.1iIN 
-Col~ar, t abul ar, kn obbly jointed, we a t her ed 
dark grey yell ow-brown p lagioclase phyr ic 
benmoreite lava f l ow s. 
-Darle grey moderately c oluDnar jointed, 
plagioclase-phyric mugearite lava . 
-Grey dominantly por phyr i tic plagiocl a s e-






-Castle rock trachyt e intrusion 
-Basalt to trachyt e composition 
dikes 
-Trach.Yle lava :plug of the Tors 
area 
-Trachyte sills of t he Tors and 




Fig. 2: 3 
18 
Vie~1 looking north- I'les t tO~lards rolt Pleasant from Sumner road. !lote: 
(1) a thick deposit of loess (LS). the vertical fluting on the sur'face 
of t he loess is the result of erosion by surface run-off; (II) the red 
crystal tuff (eT) and the underlying lava nOl-l (F). 
Fig . 2.4 Thick succession of lava flows 
exposed on the north-ea stern 
s ide of Lyttelton Harbour . 
(BP=Battery Point. GB=Gollar Bay) 
Fig. 2.5 Rubbly aa lava f low (GR, N36/ 9063W 
Note: coherent lava at top and rubb : 
at the base of the flow . 
Fig. 2.6 Distant view .of lava flow 
forming prominent cl iff at 
Scarborough (TN=Taylors 
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Figure 2.7: Simplifie d geologica l map and stratigraphy of ea s t of E v an s Pass and Taylors Mistake area 





(GR, M36/903348). The unit overlies the plagioclase-phyric hawaiite flow 
and underlies a plagioclase-phyric benmoreite flow (Figs. 2.1, 2.2). 
Plagioclase-phyric bellmoreite:-
General characteristics:- A single flow 
units by its well developed columnar 
can be distinguished from other 
and horizontal jointing, tabular 
jointing and grey-yellow brown colour in the field. The other distinguishing 
characteristic is the absence of basal flow breccia and unconformable 
relationship on the plagiocJase-phyric hawaiite and mugearite lava flows. 
The flow is generally weathered, medium-grained and the dominant 
phenocrysts are plagioclase and clinopyroxene. The thickness of the unit is 
variable (2-50 metres). The best exposure of this unit is at Windsor Castle 
(GR, M36/895363 and Figs. 2.13, 2.10). Here the flow strikes NNE and 
overlies plagioclase-phyric hawaiite (Fig. 2.13). Benmoreites are exposed 
around the Tors-Mt Cavendish areas, Mt Pleasant and Evans Pass areas (Fig. 
2.7, 2.12 and 2.22) . 
Taylors Mistake alld east of Evalls Pass area. 
General: - This section summarizes the general geology and stratigraphy of 
the Taylors Mistake east of Evans Pass area (Fig. 2.7). 52 samples were 
collected and described (appendi x IIA), 32 thin sectioned (appendi x IlIA) 
and 13 chemically analysed (appendix V and VI). The exposures in these 
areas are represented by the main phase Lyttelton Volcanics. North-east of 
Lytteiton H a rbour (GR, M36/ 903348), good stratigraphic sections of main 
phase Lyttelton lavas are exposed along the cliffs (Figs. 2.13, 2.14). The 
cliffs are made up of three major lava flows (plagioclase-phyric hawaiite, 
mu geari te and benmorei te) separa ted by thin « 0.50 metre) pyroclastic 
layers (Figs. 2.1, 2.2). The coherent lava flows and the thin pyroclastic 
la yer s a r e collectively ca lled the Evans Pass lava sequence (Fig . 2.7) . 
Pl a gioclase-ph yric hawaiite flows cover areas around Sumner, Sqrborough 
and Ta ylo r s Mi sta ke (F ig. 2.7). Mos t of th e area east of E va ns Pass are 
covered by benmoreite lava flows (Gr, M36/903346). Similar outcrops of 
benmoreites are exposed north of Breeze Bay (GR, N36/924348). Lahar 
deposits exposed in this part of the area have similar characteristics to the 
Mt Pleasant area lahars (later discussion). 
Fig. 2.8 Dike cutting lava flow, west 
of Corsair Bay, (GR, 1~36/855332) 
Fig. 2.10 Distant view of Windsor Castle benmoreite 
flow (GR, M36/895363). 
Fig . 2.12 Irregular to knobbly jointed lava 
flow (GR, M36/ 895352). Note, spheroidal 
weathering of the lava . 
2 1 
Fig. 2.9 Section around Evans Pass showing 
loess deposit (LS). LR=red lahar 
and lava flow (F) . (GR. 1.136/ 9003 4 
Fig . 2. 11 Field relations of lava fl ows 
and lahar at Evans Pass 
(GR, N36/897345). Note: vert / ca I 
contact of, lava flow ( J) , red 
l ahar (2) , ye 17 ol<lish lapill i ash (. 
and lava flow ( 4). 
r 
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2.2.2 Late phase Lyttelton Volcanics 
I\1t Pleasant Formation (new name): -
The late phase L)'tLeltoll )lolcallics are designated as Mt "Pleasant 
Formation":- This comprises hawaiite, mugearite, benmoreite and trachyte 
lava flows of the Mt Pleasant, the Tors and Mt Cavendish sequences. The 
other members are lithic-crystal tuffs and lahar deposits (Table 2.1). 
Around Mt Pleasant (M36B876354) the main phase and late phase volcanics 
are separated by an angula,r unconformity. The lower (main phase) lava 
flow> dip more steeply tha~'~'the late phase. The main phase lava sequence / 
/'. /' 
dips away from the main Lyttelton centre with varying dip directions. The 
late phase flows dips towards the north-east. 
The Mt Pleasallt area. 
Gelleral:- The sub-areas discussed under this section includes those north-east 
of Lyttelton Harbour, south of Sumner and west of Evans Pass. The geology 
of the Mt Pleasant area is shown in figure 2.13. From this area 96 samples 
were collected (appendix IIA) 66 thin sections (appendix lIlA) were made 
and 18 samples chemically analysed (appendix IVA and IVB). The major 
outcrops are lava flows, intrusives (dikes and sill) and pyroclastics (lahar 
and lithic-crystal tuff). The Mt Pleasant area lava flows include both the 
main and late phase Lyttelton Volcanics. The main pha se LytteIton 
Volcanics around Mt Pleasant include plagioclase-phyric hawaiite lavas and 
benmorei te lava flows. 
2.2.2.1 The I\1t Pleasant sequence 
This includes two distinctive flow units:-plagioclase-phyric trachyte and 
hawaiite. The other members are lithic-crystal tuffs and lahars. 
(i)Plagioclase-ph),ric trachyte:"This flow is distinguished from the other flows 
by its well developed columnar and horizontal jointing, non-vesicular 
appearance, abundance of plagioclase phenocrysts, grey to yellow appearance 
and the absence of flow breccia (Figs. 2.24, 2.25). The flow always forms 
cliff-like features and rqts unconformably upon the main phase 
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flow. The flow is exposed around the Summit Road (GR, M36/876354) lying 
unconformably on the main phase Lyttelton plagioclase-phyric hawaiite lavas 
(Figs. 2.13, 2.26). The dip of the trachyte varies but suggests that the 
source area is somewhere south of Mt Pleasant peak area . Th e flow reaches 
a maximum thickness of 30 metres at Mt Pleasant where it is best exposed 
(Figs. 2.13, 2.14). The thickness of the trachyte also supports the likely 
locality of the source sugbsted above. 
7'-. 
(ii)Plagioc/ase-phyric hawaiite:-This unit is best exposed at Mt Pleasant (GR, 
M36/879354). The unit is made up three lava flows alternating with thin 
(0.50 metre) pyroclastic (lapilli-ash) layers. Flow breccias are absent and lava 
flows are dark-grey in colour, noO'-vesicular and are moderately fresh. These 
flows are medium-grained, olivine-clinopyroxene-plagioc1ase-phyric hawaiite. 
The total thickness of the three hawaiite flows are about 10 to 30 metres. 
This flows have poorly developed horizontal and columnar jointing or may 
be ma ssive. This sequence overli es the Mt Pleasant plagioclase-phyric 
trachyte (Fig . 2.26) and collectively named the Mt Pleasant plagioclase-phyric 
hawaiite lava sequence (Fig. 2. 13). 
The Tors-/I1l Cmendish area 
Gelleral:-This area includes the Major Hornbrook track, Castle Rock, Cass 
Bay, Corsair Bay and Heathcote (Fig. 2 .22). From these localities 15 5 
samples were collected and described (appendix II-A), 85 thin sectioned 
(appendix III-A) and 34 X-Ray fluorescence analyses obtained (appendix V 
and VI). A simplified geological map and stratigraphic column for the area 
is presented in figure 2.22 and 2.23. Both main and late phase volcanics 
occur in the Tors-Mt Cavendish area. The major outcrops include lava 
flows, intrusive rocks (basaltic to trachytic dikes, trachyte sills and lava 
plug) and pyroclastics (lithic crystal tuffs and lahar deposits). The area 
around Mt Cavendish is characterized by parasitic cones representing 
strombolian interludes. T he Tors area is dominated by intrusive rocks. 
2.2.2.2 The Tors sequence 
The Tors sequence 1S best exposed a t the Tors (GR, M36/885351) . 
I teo n sis t s 0 fda r k g r e y , 'm 0 d era tel y f res h , fin e -m e diu m g r a i ned 
olivine-clinopyroxene -plagioclase-phyric hawaiite and aphyric mugearite lava 
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Fi g. 2. IS 
Typical features of the 
Lyttelton aa 1 ava flows (8). 
The succeeding lava f low i s 
seen at the top of the pictu re. 
Th e r ubble gr ades up into 
coherent la va at the top. 
The red ash (A ) i s within 
the cl in ker . (GR, M36/ 915373) . 
Note: the red tuff (ash) is 
typica l of minor pyroclastic 
layers which occur betwe en 
most l ava flows. 
Fig. 2. 16 
Di ke- l ike structure ( ?) or lava 
ne ck feeding the overlain lava . 
Note: the red ash fA) between 
the flow. (GR , N36/ 89134 1) 
Fig. 2. 17 
A trachyte s ill (TS) near the view 
poi nt on the road be tween Evans 
Pas s and Lyttelton Harbour. The .l 
sill is intruded the basaltic flow 
(SF) . The intruded la va has been 
baked to a darker colour at the 
contact. The f ie ld of view i s 
approximately 20 metres ac ross 
(GR , ~'3 6/884334) . Th e s iJ I extends 
towards the south-we st and intrudes 
the pyroc l astic material. The 
broken line shows the glossy 




flows . The flows are massive or have weak columnar jointing. Flow 
breccia is absent or poorly developed . 
Plagioclase-phyric hawaiite alld mugearite:- This lava sequence overlies the 
main phase Lyttelton plagioclase hawaiite flows (Figs 2.22 and 2. 34). The 
sequence is 5-8 metres thick and is composed of three flows separated by 
thin «.50 metres) pyroclastic material (ash and lapilli). Of the sequence of 
three flows, the top and bottom lavas are plagioclase-phyric hawaiites and 
the middle flow is an aphyric mugearite. Individual flows are 1-3 metres 
thick and are weakly columnar, horizontally jointed and dark grey colour. 
Mugearite lavas exposed between the Tors and Mt Cavendish area 
(M36/862349) are flows with clinkery top surfaces, coherent interiors and 
nearly horizontal sheeted jointing at the base (Figs. 2.46, 2.22). These flows 
are dark-grey, 1-2 metres thick, and overlie main phase Lyttelton 
plagioclase-phyric hawaiite (Fig. 2.22) . 
2.2.2.3 Mt Carendish sequence 
The Mt Cavendish hawaiite and benmoreite is best exposed at Mt Cavendish 
(GR, M36/871351). This unit consists of a thick succession of lava flows 
which unconformably overlie the lahar deposits. These in turn rest upon 
main phase Lyttelton hawaiite lava flows. A thick unit of lithic-crystal 
tuffs and lahar deposits is included under the Mt Cavendish member. 
Plagioclase-phyric hawaiite: - This unit which forms the bulk of Mt 
Cavendish (Figs. 2.22, 2.23) is a succession of three major plagioclase-phyric 
hawaiite flows (Figs. 2.38, 2.42) that display weakly developed columnar and 
horizontal jointing. The thickness of the unit is 30-70 metres. Individual 
lavas are separated by thin « 0.50 metres) pyroclastic layers (Fig. 2.42) and 
flow thickness range from 2-15 metres thick. The hawaiite flows are dark 
grey, non -vesi cular and h a ve pl a giocl a se and olivine phenocrysts . 
Benmoreile:-This lava flow overlies the plagioclase-phyri c ha waiite flo ws of 
Mt Cavendish (Fig.2.22). This flow is grey, yellow-brown in colour and has 
plagioclase and clinopyroxene phenocrysts. It is about 2 metres thick. The 
flow displays weakly horizontal jointing and is separated from the 
underlying flow by a thin «0.50 metre) pyroclastic unit. 
Fig. i.18 Rubbly aa lava flow on the eastern 
side of McCormacks Bay (GR, M36/ 883390). 
Note: the cave (C) vias formed by removal 
of rubbly aa lava flow by marine erosion. 
C-Moa Bone Point Cave. 
Fig . 2.20 Close up view of plagioclase phyric hawaiite . 
The flow contains plagioclase cry stals (PL) 
up to 10 mm in diameter. (GR, M36/919354) 
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Fig. 2. 19 
Clos e- up view of moderately jointed 
plag lOclase -phyric hawaiite l ava (5) 
resting upon an oxidized layer of ash 
(A) exposed east of Mon cks Bay. 
S-Shag Rock (stack). Note: the red 
materia I (A) is a lapi) Ii ·tuff or 
ash, typical of the minor pyroclastic 
layers which Occur between most lava 
flOivS . 
Fi g. 2.21 ·Thick, r ubbly aa lava now (B). The succeeding red mat erial is ash 
(A) or lapilli tuff . (GR, N36/904374). The field of V1ew 1S 
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2.2.2.4 Pyroclastic deposits 
The pyroclastics are classified into minor and major units on the basis of 
thickness and field characteristics. 0) Minor units occur between la va 
flows , are less than 0.50 metres thick and are composed of fine lapilli and 
ash. (ii) Major units are the lithic-crystal tuffs, greater than 0.50 metres in 
thickness which represent individual pyroclastic centres around Mt 
Cavendish and Mt Pleasant area. There is no consistent stratigraphic 
relationship between the minor and major pyroclastics (lithic-crystal tuffs) 
which are related to strombolian activity from parasitic vents. The minor 
pyroclastics « 0.50 metres) exposed between lava flows are rela ted to the 
changes in the eruptive style of the magma and probably originated from 
the central main vent of the volcano. 
[AJ Lithic-crystal tuffs of the Ht Pleasallt area:-
Around the Mt Pleasant area, four small centres from which lithic-crystal 
tuffs were erupted are exposed (Fig. 2.13). These pyroclastic ,geposits are 
collectively termed lithic-crysta l tuffs of the Mt Pleasant area and overlie 
the main phase Lyttelton plagioclase-phyric hawaiite . Two centres are 
around the south western slopes of Mt Pleasant (GR, M36/876352) and the 
other two centres lie between the Lyttelton Harbour Road and Evans Pass 
(GR, M36/ 882334). 
The lithic-crystal tuffs are red in colour and composed of plagioclase and 
clinopyroxene crystals with scoriaceous lithics distributed in a crystal-tuff 
matrix (mostly ash size particles). The lithic crystal tuff exposed around the 
south western slope of Mt Pleasant (GR, M36/876352) has a thickness of 
about 5-15 metres. This deposit is slightly welded, poorly sorted and jointed 
(Fig. 2.35). The lithic-crystal tuff exposed on the road between Evans Pass 
and Lyttelton Harbour is about 25 metres thick (GR, M36/882334). This 
pyroclastic deposit is cut by a dike and a sill towards the north a':ld · eastern 
sides respectively . Another exposure of sim ilar mat eria l is found north-east 
of Battery Point (Fig. 2.13). This is interpreted as a pyroclastic fall deposit 
because it is characterized by spherical and irregular bombs. 
Fig. 2.24 Moderatel y columnar jOinted pattern 
on the south-western face of Mt Pleasant 
(MP)l= Nt. Pleasant Peak l ava flows, 
2= Mt. Pl easant plagioclase phyric trachyte 
lava flow , 3= Pyroclastics and main phase 
Lyttelton lava flo ws. 
MP 
Fig. 
- . I . \ \ . ~ 
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2.25 Weakly columnar to irregular (tabu lar) 
sheeting, horizontally jointing in the 
Mt Pleasant plagioclase phy ric lava 
flow (2) exposed west of Mt Pl ea sant 
(GR, M36/876354) . 
Fig. 2.26 View of the central region of t1t Pl easa nt, showing the thi ck 
succes s ion of l ava flows. J. The Nt Pleasant peak hawaiite lava 
flOI~ S , 2· Plagioclase phyn'c t l-achyte lava, ] . Pyror:la .d ics 
w 
(\) 
r - 3 3 
\ \ 
[Bl Lithic crystal tllffs of the Mt Cavendish area:-
The three pyroclastic deposits around Mt Cavendish 
lithi c-cry sta l tuffs of the Mt Ca vendi sh area (Fi g. 2.22). 
are grouped as 
Cr ys ta l-tuff (GR , 
M36/ 870356), about 5 metres thick, is exposed on the north ern slope of Mt 
Cavendish. The crystal -rich tuff is made up of plagioclase and 
clinopyroxene crystals and scoriaceous lithic and tuffaceous material. The 
second lithic-crystal tuff d eposit is exposed south-west of Mt Cavendish 
(GR, M36 / 868351) and is lithologically very similar to the above. Both 
crystal-tuff dips towards the north suggesting their source vent some where 
south of the Mt Cavendish area. 
South-east of Mt Cavendish peak and a few metres east of Major the 
Hornbrook track (Gr, M36/873335) there is an eroded scoria tuff cone (Fig. 
2.22, 2.38). The deposit whi ch forms the cone suggests strombolian erupti ve 
activity ev id enced by la rge bl ocks and bo mb s w ithin the tuff mat r i x. Th e 
bombs were ejected in a semi-molten state and shapes wer e modified 
aerodynamically . The cone is made up of tuffaceous rubbly material, 
scoriaceous, ashy ma terials , ba saltic bombs and broken crysta ls of pla giocl ase 
and clinopyroxene. The scoria cone was built by successive explosi ve 
eruptions, which deposited material of varying grain size in regular la yers 
whi ch dip awa y f rom th e vent. T he lithic-crystal tu f f has varyi n g di ps, 
suggesting a source vent close to th e Major Hornbrook track (Fig. 2.22). An 
estimate for the origina l height of the cone from i ts dip is about 50 metres . 
Field rela tionships show tha t the Mt Cavendish tuffs are a t a lower 
stratigraphic position and therefore older than the Mt Cavendish peak lava 
sequence (Figs. 2.38, 2.39) and overlie the main Lyttelton phase 
plagioclase-phyric hawaiite. 
2.2.2.5 Lahar deposits 
(a) Lahar deposits of Mt Pleasant area 
Lahar deposits are exposed in different places around the Mt Pleasant area, 
for example in road side cutting between Sumner and Evans Pa ss (GR, 
M36/899352). At this location the lahar is 10 metres thick, clast supported, 
structureless , poor ly sorted and contains bou lder s ize lit hi cs. Around the 
south and west ern slope of M t P leasa nt (GR, M3 6/8 77 352 ) a 4 metre 
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Fig. 2.27 View of the Tors (TT), MT Cavendish (MC) and Mt Pleasant (MP) area. 
Fig. 2.28 View of southern face of Castle 
Rock intrusion (GR, M36/856354). 
Fig. 2.30a 
Columnar jointing pattern on the western 
face of Castle Rock (GR, M36/856354). 
Note:the change in orientation of the 
columnar joints fanning outwards towards 
the top of the intrusion . 
Fig. 2.29 
Thick (5m) red crystal tuff flow (eT) 
exposed on the south-western slopes 
of Mt Pleasant. GR. M36/876352 
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yellow-grey hcterolithic lahar is exposed (Fig. 2.13). This unit is similar to 
the one exposed around the Bridle Path track (Fig. 2.50). 
(b) L ahar d eposit s of the Tors-Mt Cavend ish area:-
There are two kinds of lahar deposit in the Tors-Mt Cavendish area:-(i) A 
weakly bedded and moderately compacted lahar :- This deposit is exposed 
about 10 metres east of the Bridle Path track and about 30 metres south of 
the Summit Road (GR, M36/865349). The unit is 1-2 metres thick, ye llow to 
grey In colour, structureless and moderately compacted. Petrographically the 
unit is a heterolithic tuff breccia (Fig. 2.50) . A similar lahar is also 
exposed south west of Mt Cavendish (Fig. 2.47). 
(ii) Blocky lahar :- This deposit covers areas around the south of Mt 
Cavendish and west of the scoria tuff cone. The unit is structureless, 
heterolithologic (Fig. 2.38, 2.40) and dominated by la rge boulders ( 0.50 
metres in diameter). It is therefore, termed bloc ky lahar. The large clast 
size suggests deposition close to the source. 
Thick lahar deposits exposed east of the Tors particularly along and to the 
south north of the Summit road . The deposit is thick (about 60 metres) and 
flat lying (Figs . 2.30, 2.3 2) and covers a considerable area (GR, M36 / 862347). 
The deposit is grey or grey-yellow , structureless, matrix-supported, 
boulder-breccia and conglomerate with coa rse sa nd and pebb le-sized lit h ics. 
The clasts consist mainly sub-angular and heterolithologic plagioclase phyric 
and aphyric lavas. 
2.2.3 Intrush'e Rocks 
2.2.3.1 Dikes 
Num erous dikes of the radial swarm are ex posed in th e T ors-Mt Cave ndi sh 
area (F igs. 2.22, 2.32). Th e dik es intrude main phase Lyttelton volcanics 
and the Tors and Mt Cavendish sequences. Most of the dikes are from 0.50 
to 1.50 metres in width and a few rarely exceed more than 5 metres. The 
dikes range from trachyte to basal t in composition. Basalti c dikes are 
younger than tr ac hy ti c di kes in some p laces. For example the younger Castle 
rock intrusion and the late phase hawaiites (GR, M36 / 885352 and GR, 
r 
Fi g. 2.3~Lahar (LR) depos i t , thick, st ruct urel ess 
(unbedded) matrix supported boul der brecci a 
(b ) and conglomerate with coarse sand and 
pebbl e s i ze lithics , exposed on t he south 
ea st s i de of the Tor s (GR , M3 6/8623 47). 
Fig . 2.32 Trachyte dike (0) i ntrudi ng l aha r (LR). 
(GR M36/863347) . 
Fig. 2.3 1 Trachytic lava neck expo sed as topographi c 
knob south of t he Tors ( GR, M36/857350 ) . 
Note: the cross -secti onal geometry , 
brecciati on (4) and we akl y col umn ar jointed 
sheets (5) . 
Fi g. 2. 33 An examp l e of vertica l contac t between moderately t abul ar 





M36/ 878355) are intersected by a basaltic dike. 
Exposed dikes extend laterally for a few hundred metre s and change their 
thi ckness marked ly. Most dikes run straight along strike for about 200 
metr es and sometimes bend or a re of f -se t (F ig. 2.13). Sh ell ey (1988) noted 
that the likely morphology of a radial dike is a blade shape with long axis 
horizontal and intermediate axis vertical. Around the intersection of the 
Summit Road and the Bridle Path track a trachyte dik e feed s a trach yt e 
flow at the quarry (GR, M36/867352 and Figs. 2.45, 2.43) . North of Mt 
Cavendish (on the Summit road) , a near vertical dik e has intruded 
pyroclastic material and fed a plagioclase phyric mugearite lava flow (Figs. 
2.39, 2.41). This flow is I metre thick and overlain by thick Mt Cavendish 
plagioclase-phyric hawaiite (GR, M36 / 870357). The flow fed by the dike is 
stratigraphicaly older than Mt Cavendish plagioclase-phyric hawaiite lava 
sequence and extends laterally for a short distance (<50 metres in length ) 
towards th e east a nd west. 
Some dikes branch verticall y (Fig . 2.49) wherea s others branch lat era lly to 
f eed flo ws ar ound M t Cavendi sh and east of th e Bridl e path track (Fi gs 
2.22 , 2.43 and 2.45) . Most dik es feed flows or domes around th e M t 
Ca vendi sh a nd Mt Pl easant areas (Fi gs. 2.41 , 2.16) and thi cken progress ive ly 
as th ey pass int o flo ws or d omes . N orth west of Mt Pl easa n t (GR, 
M36/ 8873 58), th ere is thick (a bou t 3 metr es) tra chyt e fl ow, elon ga ted in a 
NNE direction. The flow is thicker towards the northern end ' and forms a 
dome-like feature (Fig. 2.13). This flow is fed by an ill-defined trachyte 
dike. There are several examples of trach yte dome-like features (GR , 
M36/ 885353) fed by trachyte dikes around Mt Pleasant area . Most feeder 
dikes when traced along strike, are rarely continuous . . Commonly dikes are 
discontinues and show off-sets. A basaltic dike (GR, M36/891341) feeds a 
flow on the road between Evans Pass and Lyttelton Harbour (Fig. 2.16). 
Here the lava flow fed by the dike is separated from the underlying lava 
by ash ma teri al. 
Around Evans Pass, Battery Point and Breeze Bay the only intrusives are 
prominent d i kes (Fig . 2.7) . The strike of these dikes is NE-SW. Thi s 
su ggests that they are radial d ikes fed f rom the Lyt telton mai n cen tre. T he 
plagioclase-pyroxene-phyric benmoreite flow exposure in Evans Pass (GR, 
N36/ 901351) is probably fed by a dike jUdging by flow geometry (F ig. 2.7). 
I 
I 
Tors lava sequence exposed 
on t he southern side of the Tors . A, B 
and C ar e lava flows 
MP 
view of the sou t h-eastern slopes of Mt Pleasant (MP ) . 
Fig. 2.35 10 m t hic k, columnar jointed red crystal 
tuff (pyroclastic f low) exposed on 
south-western slopes of Mt Pleasant 
(GR , M36/876352). Note: the columnar 
jointing of the crystal tuff (CT). 
Closer vi ew of li t hi c tufr or red l ithi c 
crys tal t uff (eT) f l ow exposed on south -
western slopes of Mt. Pleasant . Note: the 
large pl agioclase crysta l s (C) and scori aceous 
li t hi cs (SL). (GR, M36/87 5350) Lens cap~ 55 mm. 
Note: a deposit of fragmented scori a (SL) ill fi ne 




This flow is thick (about 3 metres) and contains large clinopyroxene (l cm) 
phenocrysts. In general, field relationships suggest dikes were emplaced 
continuously throughout the history of the volcano and cover the full range 
of magma compositions seen in the flows. 
2.2.3.2 Intrusion and la,'a plug 
Jlltrusion:-The Castle Rock intrusive dome cuts the Lyttelton main phase 
plagioclase-phyric hawaiite lavas, and forms a prominent elongated ridge 
(Figs. 2.22, 2.28). The intrusion is trachytic in composition and elongated in 
the north-south direction. The geometry of the intrusion is related to the 
general trend of the radial dikes in the north eastern sector of the 
Fig . 2. 38 A view of the southern slope of 
Mt Cavendish showing thick blocky 
lahar flow (key as for Fig . 2.40). 
Fig . 2.42 
Closer view of the southern 
Mt Cavendish lava sequence . 
1-4= Nt. Cavendish lava sequence, 
MC= Mt. Cavendish, SC=scoria cone, 
LR=)ahar, 5= )ayered scoria cone, 
6= lava f701v . 
The sequence of lav~ flows (F) and red 
ash horizons (A) are typical 
characteristics of Lyttelton lava flows, 
exposed on the ' western side of Mt Cavendish. 
4 0 
Lava f low (F) overlying the red and 
red-brown pyroclastic deposit (p) 
Note: the contact between pyroclastic 
(P) and lava f701f (F) . 
The top flow is fed by a basaltic dike 
(Fig. 2.41) on the summit road. 
(GR, M35/870357 ) 
Fig . 2.41 
Basaltic dike (left) intruding 
pyroclastic material (P) of Fig . 2.39. 
Note: the dike (D) fee,di ng the basaltic 





the main Lyttelton plagioclase-phyric hawaiite lava. The sill displays poor 
columnar jointing and its margins are chilled against hawaiite lava (country 
rock). The sill (Fig. 2.17) strikes in a NNE direction parallel to the radial 
dike trend in the mapped area. 
2.3 VOLCANOLOGY 
2.3.1 Main phase Lyttelton volcanics 
The LytteIton main phase plagioclase-phyric hawaiite lavas are of aa type 
and represent Hawaiian style activity. They are rubbly in character and 
have basal flow breccias and oxidized flow tops. Thin layers of red ash 
«0.50 metre) are usually present between flows but these layers are often 
laterally discontinuous. The presence of thin pyroclastic horizons in most 
lava successions and coherent lava alternating with the pyroclastics, suggests 
an eruption cycle involving an initial vent clearing phase followed by lava 
effusion. The plagioclase-pyroxene-phyric benmoreite lava represents 
moderately viscous magma and forms cliff-lik e topography. The absence of 
pyroclastic material (ash and lapilli) beneath and the coherent nature of this 
flow suggest the a period of quiet lava effusion. A change in lithology 
from dominantly hawaiite to benmoreite may indicate a separate phase of 
eruption, probably following a period of quiescence which permitted magma 
to differentiate. 
Moderately to strongly viscous magma which produced the Lyttelton main 
phase benmoreite lava flows suggest Vulcanian style of activity. The unusual 
occurrence of thick felsic lava flows wi thou t felsic pyroclastics can be 
explained by:- (i) the felsic flows represent flank eruptions (ii) the felsic 
pyroclastics were erupted from the main LytteIton vent and their 
distribution was probably governed by prevailing wind and was strongly 
asymmetric (iii) the felsic pyroclastic materials were completely eroded /' 
before the eruption of felsic lava flows. 
Individual lava flows vary in thickness and lateral extent. This is probably 
due to the variation In viscosity of the lavas and irregularities in 
und erlying topograph y. In gen'er a l ma in ph ase lava fl ows a re or igin a ted 
from the main Lyttelton centre. This was sit uated around the Charteris 
Fig . 2.43 T~ick trachyte flow on the north-western slopes of Mt Cavendish fed 
by dike (MC-Mt Cavendish lava sequence, MP-Mt Pleasant , TF-trachyte 
flow, S-summit road). Note: (a) lithic-ct-ystal tuff north of (oIt 
Cavendish, and (b) horizontally or laterally branching dike to feed 
trachyte flow (TF). 
MP 
Fig. 2.44 Distant view of the Tors (TT) lava sequence, Mt Cavendish (MC) lava 
sequence and Mt Pleasant (MP). 1- the Nt. Pleasant peak hawaiite lava 
sequence, 2= the Mt Pleasant plagioclase phyric trachyte l av a flow , 
3=Pyroclastics and the main phase Lyttelton lava f7olvs. 
Fig . 2.45 
Di stant view of the south -e astern slopes 
of Mt Pleasant and remarkable dike (0) 
feeding the thick trachyte flow (TF) north 
of summit road (S). Fig. 2.46 
An example aa lava flow 
42 
sho~Jing cl inkery top or forming 
a ma~tle of crumble breccia (F-flow , 
C-cllnkery top) GR, M36/ 862349. 
\ i 
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Bay area on the basis of geomorphology and the geometry of the eroded 
Lyttelton volcano, together with the orientations of the radial dikes. 
2.3.2 Late phase Lytte lto n Yo lcanics:-
Most of the late phase lava flow sequences are confined to the margin of 
Lyttelton crater. The coherent nature of the Tors, Mt Cavendish and Mt 
Pleasant hawaiite lava flows suggests a n Hawaiian style of activit y. The late 
phase vo lcanics represented by Mt Pleasallt Formation are hawaiite to 
trachyte in composition. The change in lithology suggests a separate phase 
of eruption. The silicic (more viscous) magma which produced the 
benmoreite and trachyte lavas suggest Vulcanian style of eruption. 
The Mt Cavendish and Mt Pleasant lithic-crystal tuffs which make up the 
parasitic scoria cones were eruption during Strombolian-s tyle activity. The 
la hars aro und Mt Cavendi sh and th e Tors area are characterized by (Figs . 
2.30, 2.32) poor sortin g, la c k of s tru cture and heterogeneou s clast 
composition. These lahars repre se nt vol canic debris flow. The lahar s 
ex posed on fl at sur f aces a t presen t were depos ited origina ll y 10 a s teepl y 
incised valley. In general the lahars ac c umulated 10 major drainage 
channels that cut into the older lava sequence. The large clast size suggests 
a short di stance o f tran sport a nd prox imit y of th e so urce a r ea . Th e lahars 
ar e h eterol i thic a nd volca nocla sti c (pyr oclasti c ) in ori gin . The lah ar s overli e 
the main Lytte1ton hawaiite lavas an d they have the same age (stratigraphic 
position) in different parts of the mapped area. 
2.3.3 Intrush'es 
Throughout the main and late phase volcanic history of the area, basaltic to 
trachytic radial dikes, sills and other intrusions were emplaced. In response 
to rising magma, the central area of the volcano was forced upwards into a 
dom e a nd fract u res d eveloped ra di a tin g o u twards . T h ese fiss u res - were 
fill ed by mag ma and the res ulti ng ra d ia l di ke swa rm was th en exposed b y 
erosion. The width of the dikes is controlled by the size of the fissures. 
T he mi nor in tr usives (dikes and si lls) of the area show chilled (glassy 
character) margins and hence a re fine to medium grained. The grain size 
variation across dikes and sil1s may provide info rmation concerning the 
Fig. 2.47 3 m thick, brown-yellow low angl e structureless 
heterolithic tuff breccia (HT) . The dike (0) 
intrude the pyroclastic material (GR, M36/868350) . 
Fig . 2.49 Forked dike intruding the red 
crystal tuff (P) . GR, M36/876355 . 
Fig. 2.48 Contact between plagioclase phyri c 
basalt flow (F) and pyroclastic (l=red 
ash , 2=ye77owish fine lapi77i t uff, 
3=red tuff unit). GR, M36/868351 . 
Fig . 2.50 Thin layer of heterolithic tuff breccia (HT) 
exposed near Bridle Path track. Note: the 
typ i ca l aa lava now (F). The t op of this 
flow shows clinker layer . Note: The thi n 




cooling of the intrusion, a larger variation in grain size implies 
emplacement of hotter magma into cooler country rocks. Intrusives with no 
chilled margins, imply that the dike or sill was emplaced into warm or hot 
co untry rocks. Sill s may be eas il y con fu se d wi th lav a flow s es pe cia ll y 
w h e re both occur in the sa me sequence. However, they may be 
distinguished from flows, fir s t by the absence of any internal characteristics 
of lava flows and second by the occurrence of fine grained glassy chilled 
margins (against the country rocks) at both low e r and upper contacts . 
Compositionally, the dikes range from basalt to trachyte but the sills are 
solely trachytic in composition. 
2.4 DISCUSSION 
2.4.1 General 
Long- lived Miocene volca nic activity constructed the Lyttelton volcanic con e. 
Most eruptions were of aa lava and the activity was Hawaiian in style but 
some felsi c lavas sugg es t V ul ca nian s tyl e. Occas ion a l more ex pl os ive 
Strombolian eruptions produced scoria cones within the ma in crater and on 
the outer slopes. During the constru c ti o n of the main con e, ba sal t to 
trach y te radial dik es and tra c hyte sill s wer e emplaced. However , fr om field 
evidence, it seems likely that the di kes intruded the volcano throu ghout it s 
vo lca ni c history. The large valleys and the crater areas are the site of most 
lahar deposits which represent periods of degradation of the active cone. 
Lyttelton crater is erosional in origin. The reasons for this conclusion are 
several: (i) there is no evidence of a caldera structure, (ii) most of the 
central part of the volcano is made up of relatively softer material, more 
erodable than the coherent flanks of the volcano, (iii) radial drainage 
systems cut deeply into the volcanics and dominant streams opened up the 
central part of th e volca no. Lytte lton Harbo u r and various Bays around the 
flank s of t he vo lcano are clear ly a lso of erosion ori gin. 
2.4.2 Stratigraphic Correlation 
As shown on figure 2.51, the Maih phase Lytte/toll volcallics are the oldest 
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the plagioclase-phyric mugearite. The plagioclase-phyric hawaiite lava flows 
ha ve similar characteristics in different areas (Fig. 2.51) . The plagioclase 
-phyric benmoreite lava flows display good correlation with measured 
sections in different localities whereas the plagioclase-phyric mugearite lava 
is confined only to the Evans Pass area. There is angular discordance 
between the mam and late phase volcanics, and this is the main reason for 
division of the Lyttelton volcanics into two distinct phases. 
The late phase I'olcanics activity probably started with Strombolian 
eruptions and the deposition of lithic-crystal tuffs of the scoria cones. 
These occupy the same stratigraphic position in different areas. The Mt 
Pleasant plagioclase-phyric trachyte flow is not exposed in the Tors and Mt 
Cavendish areas The Mt Pleasant, the Tors and Mt Cavendish 
plagioclase-phyric hawaiite flows have similar characteristics and may be 
correlated. The aphyric mugearite and benmoreite flows of the Tors and 
Mt Cavendish seq uence are probably contemporaneous in age (Fig . 2.51). 
The Tors-Mt Cavendish and Mt Pleasant areas late phase Lyttelton volcanics 
are not continuous laterally probably as the result of erosion. Thus 
although there are local variations in the stratigraphy of the different late 
phase sequences, there is sufficient justification to group them into a single 
lithostratigraphic unit, di stinct from the main phase flows and here 







In this chapter the petrography of the north-eastern sector of Lyttelton 
volcano is discussed . The Lyttelton volcanic group has been described and 
classified in terms of main and late phase Lyttelton volcanics (Mt Pleasant 
Formation) mainly on the basis of field criteria. Both the main and lat e 
phase Lyttelton volcanics and the dikes comprise mafic, intermediate and 
felsic lava compositions. Sills are trachytic in composition . The main phase 
Lyttelton volcanics consists of a pproxima tel y 55% hawaii te, 35% benmorei te 
and 10% mugearite lava flows in the mapped area . The lat e phase 
volca nics covers a ppro ximately 55% ha w aiite , 22% tra chyte, 5% mu gearit e, 
3% benmoreite lava flows a nd 15% py roc lastic de posits. Rock nomenclature 
used here is based on petrographic and geochemical crit e ria (Ch a pter 4). 
Descriptions of samples are given in appendix II , and all thin sections are 
briefly described in appendix IlIa . 
3. 2 MAI N PHASE LYTTELT ON VOLCANICS 
This section describes the petrographic feature of extr usive rocks of th e 
main phase Lyttelton volcanics. 
3.2.1 Mafic rocks 
Hawaiite lava jlows:-
The main phase hawaiites have holocrystalline, porphyritic, intergranular 
and sub-pi lotai x t ic te xt u res . T h ey co nt ai n ph enoc rys ts of p lag ioc lase 
(and esine), olivine , clinop y ro xe ne and so m e Fe-ox id e. P h enocr'ys ts are 
dominated by plagioclase (An 60-40) which reaches up to 25 % (of total 
rock) in abundance. The groundmass contains plagioclase (andesine), olivine, 
co lour less c linopyroxene (augite) and in some rocks p ink cli nopyroxe n e 
(Ti -a u gite) brown hornbl ende ~ k aersutite ) and a pa tite ar e common . Th e 
ma in gro undmass consti tu ent is p lag ioc lase (An 50-35 ) wh ich is be tween 
I ' 
45-65 % In abundance. 
Some lava flows contain partially corroded euhedral, and others have 
co r rod ed a nd r es o r b ed, o li v in e ph eno crys t (Fi g. 3.1) . G e n e rall y, olivine 
ph enocrysts vary from partially altered to anhedral and strongly resorbed . 
In most hawaiites olivincs are rarely fresh and show a range of alteration 
and replacement by the red-brown mineraloid iddingsite (Fig. 3.1) and 
Fe-oxide from replacement rims to complete pseudomorphs (Fig. 3.1). 
Pseudomorphs are recognized by combination of shape and other 
morphological characteristics together with a knowledge of alteration product 
each mineral, for example in some lavas euhedral to subhedral olivine has 
been pseudomorphed by iddingsite. Replacement of olivine crystals by 
Fe-oxide or/and iddingsite clearly starts at crystal margins and along 
fractures (Fig. 3.1). In some hawaiites olivine is altered to green and brown 
chloritic and serpentinous products (see section 3.5). Most olivines are 
altered and it was difficult to est imate th e origin a l oli v in e abund a n ce in 
th e groundmass, in particular. Some of the hawaiites have microphenocrysts 
of plagioclase and Fe-oxide embedded in olivine phenocrysts (Fig. 3.3), but 
also olivine crystals sometimes occur a s inclusions in F e-ox id e. 
Most clinopyroxenes are euhedral, colourless (augite) with thin iddingsite 
rims (Fig. 3.2) and some are pinkish pr esumably indicating Ti -augite. Some 
clinopyroxenes are zoned with darker mantles (Fig. 3.2 ). Two stages of 
clinopyro xene (augi te ) ph en oc r yst growth can be recognized in some 
hawaiites (Fig. 3.2). The first stage is represented by subhedral to anhedral 
colourless crystals which have been resorbed and/or altered with the 
formation of Fe-oxide along cleavage planes and around the rims of the 
phenocrysts (Fig. 3.2). The second stage clinopyroxene phenocrysts are 
euhedral relatively fresh and colourless (Fig. 3.2). 
Some hawaii tes contain brown hornblende and apa tite crystals in minor 
quantities (<3 %). The brown hornbl e nde is thought to be kae r su t it e 
xenocrysts an d i t i s t ypi ca ll y rich in Ti02 (Sewell , 198 5). Cal cite rarel y 
occurs as pseudomorphs of clinopyroxene and olivine and as amygdules. In 
one hawaiite, groundmass minerals have been completely rep laced by 
hydrothermal Fe-oxide (Fig. 3.4). In gen eral, mos t oli vi n e and c lin op yroxene 
phenocrysts sho w a ra nge of alteration and rep lacement by iddingsite and 
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3.2.2 I n termed ia te rocks 
Mugearite Lava f lows:-
Petrographic featur es:-The textures of mugearites include intersertal, 
intergranular and aphanitic, but most mugearitic rocks are holocrystalline, 
porphyriti c with sub-tr ac hytoid gr oundmasses. Pl a gi oclase (An 50-40) 
oli vine, colourless clinopyroxene (augite) and Fe-Ti oxide are the common 
phenocryst phases. Groundmass minerals comprise plagioclase (An 40-30), 
augite, rare pale green clinopyroxene (ferroaugite), olivine and Fe-oxid e 
together with glass. 
In most mugearites olivine phenocrysts a r e usually euhedral and subhedral 
a nd partly or comple tely altered to iddin gsite, but clinop yrox ene phenoc rysts 
are euhed ral to subhedral and part ly a ltered . P lagioc lase phenocr ysts have 
stron g composi t ion a l zonin g. Some mu gearit es contain rar e br own hornblende 
a nd / or a patite. Mos t mu gearites ha ve more fel sic ground ma sses than those 
of ha wa ii tes . 
3.2.3 Felsic r ocks 
Benmoreite lava f lolV 
Petrographic f ealures:- The identifi cation of benmoreite is based on chemical 
criteria (chapter 4) . Benmoreite may appear as da r k as mugea rite or 
hawaiite in the field, but it has a noticeably lower colour index in thin 
section. The phenocryst content is more or less similar to mugearite. In 
some flows the ground mass of benmoreite resembles mug earite but has 
in tersti tial alkali feldspar. 
Generally the benmoreites ha ve holo cr ys t al l ine , i nter g r a n ul ar a nd 
sub-trachytoid textu re . Some benmoreite lavas have a hya lopil it ic textu re Jll 
which microlites of feldspar and clinopyroxene float in a rna trix of 
devitrified glass (Fig. 3.6). 
Po r ph yr iti c benmo re it es ge n era ll y have subh ed ra l p la gioc lase (a lbit e to 
andesine) as the dominant ph e nocryst m in era l with su b or di nate 
\ ' 
clinopyroxene (ferroaugite) and Fe-oxide (Fig. 3.7). Groundmass minerals 
consist of dominantly plagioclase laths, altered or/and pale green 
clinopyroxene (ferroaugite), and variable amounts of glass. Most 
groun d masses contain Fe-oxide and altered clinopyroxene (Fig. 3.7). Some 
benmorei tes conta i n subh ed ra l brow n hornbl end e ph enocry sts (Fig. 3.5). In 
most benmoreite lavas fre sh olivine is absent or rarely found. Most 
clinopyroxene and plagioclase phenocrysts have corroded surfaces (Fig. 3.8). 
Some benmoreites ha ve microphenocrysts of fayalitic oli v ine and colourless 
clinopyroxene (augite) and Fe-oxide embedded in plagioclase phenocrysts 
(Fig. 3.8). 
3.3 LATE PHASE LYTTEL TON VOLCANICS 
3.3.1 Mafic rocks 
T he late phase hawai ites includ e th ose of the Tors, Mt Cavendish and Mt 
Pleasant a reas. 
Hawaiite lava /lows: -These ar e h o loc r ysta llin e a nd por ph yriti c with 
intergranular textures. The phenocrysts are dominantly subhedral to 
euh ed r al plagiocla se (An 65-40) with subordinate colourless clinopyroxe ne 
(augite), olivine and F e-Ti ox id e. Groundmass mineral s compr ise p lagi oclase 
(A n 55-3 0) , oliv ine, co lou r less c li no p y ro x en e (au git e) a nd some pinkish 
clinopy r oxen e (Ti-a ugi te). In some samples olivine phenocrysts are present as 
elongate cr y stals. Some olivine phenocrysts are totally altered to the 
red -br own min e r a loid iddin gsite (Fi g. 3.9) or di splay iddingsite rims. 
Clinopyroxenes are subhedral to euhedral and (Fig. 3.10) have colourless to 
pink titaniferous compositions. Most of the hawaiites contain partially 
resorbed kaersutite. Among the accessory minerals, oxides occur both as 
phenocrysts and in the groundmass in most hawaiites, but apatite is rare as 
a phenocr ys t. Second ar y minerals su ch as calcite and clay minerals are 
common in some ha waii tes . In som e haw a iit e lavas ves icles are _ filled by 
deuteric minerals (zeolites). 
3.3.2 Intermediate rocks 
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F ig, 3.5 Typical example of brown 
hornblende (Hbd) phenocryst 
in benmoreite la va flow , 
Fig, 3.7 
!vI36B5791 (c ,p,l ) sca le I n!n! , 
E uhedral olivine crystals and an hedra l 
clinopy roxene w ith magnetite (Mg) 
microphenocrys t in benmoreite lava 
flow , M3684613 , (c ,p,l ) sca le = I mm, 
F ig. 3,6 An example of grou nd mass showin g 
poorly developed feldsp ar microlites 
in Benmo reite lava flow , M36 8 5440 
( c,p,l ) scale I mm, 
plagioclase phenocryst a nd co m p lete 
replace men r of cl i nop yroxc ne by 






The mugearites are hypocrystalline, porphyritic or aphanitic, with 
intergranular or sub-trachytoid groundmasses . Th e dominant phenocryst 
phase is plagioclase (An 50-35) with subordinate clinopyroxene (augite) and 
olivine. The groundmass consists of plagioclase (An 40-30), colourless 
clinopyroxene (augite) and pale green clinopyroxene (ferroaugite) with 
olivine and Fe-oxide. 
3.3.3 Felsic rocks 
The "Mt Pleasant Formation" felsic rocks include benmoreite and trachyte 
lavas of the Mt Cavendish and Mt Pleasant area respectively. 
f AJ Benmoreite lal'Q flows: This flow is holocrystalline and porphyritic. The 
phenocryst minerals comprise plagioclase (anorthoclase to sodic plagioclase), 
pale green clinopyroxene (ferroaugite) and some augite and altered olivine. 
Groundmass phases are dominantly plagioclase with clinopyroxene and 
Fe-oxide and variable amount of glass. This benmoreite has similar 
petrographic features to the main Lyttelton benmoreite lava. 
fBJ Trachyte lava flows:-The lavas are generally holocrystalline, porphyritic 
with intergranular groundmasses. Most trachyte lavas are characterized by 
trachytic texture (Fig. 3.16). Euhedrai to anhedral sodic plagioclase (albite 
or anorthoclase) is the dominant phenocryst phase (15-20%) with subordinate 
altered pale green clinopyroxene (ferroaugite) and rarely fayalitic olivine. 
The ground mass contains abundant sodic plagioclase, pale green 
clinopyroxene (ferroaugite) or green clinopyroxene (hedenbergite) and 
Fe-oxide (Fig. 3.11). Feldspar composition ranges from anorthoclase to 
andesine in both phenocryst and groundmass minerals. Altered 
clinopyro xene is the common mafic mineral in the groundmass. Some pale 
green clinopyroxene (ferroaugite) phenocrysts are anhedral and totally 
resorbed and / or alter ed with the formati on of seco nd ary miner a ls such as 




Fig. 3.9 Iddingsite (idd) pse udomorph 
after oli vin e in t he late phase 
ha wa iite . M3 6 B4008. (c.p .l) scale 
Fi g. 3. 11 Subhedra l, cor rod ed a nd resorbed 
clinopyroxe ne in crystalline 
ground mass of t rachyte flow . 
M36B·IOOJ. (c. p.! ) sca lc = I nlnI . 
1 m m . 
Fig. 3 . .10 Euhedral clinopyroxene (au gite) 
in late phase Lytte lton hawaiite 
M36B40J 8. (c.p.l) scale = 1 mn! . 
F ig. 3. 12 An cxa rnpk of pyroclastic mat e ri a l 
(tuf f) showing a ltered clin opyroxe ne 
and vesi cular and gl assy gro llndm ass. 





3.3.4 Pyroclastic rocks 
[AJ Crystal tllffs:- Generally have vitrophyric texture and are mod era tely 
vesicular. Vesicles are usually up to 0.1 mm in diametre. They contain 
plagioclase, some clourless clinopyroxene (augite) and olivine crystals 
embedded devitrified glass (Fig. 3.12). 
[BJ Heterolithic tuff breccia (lahar ):- The clasts are angular to sub angular 
lava lithologies. Individual clasts have mafic and intermediate compositions. 
The clasts consist of dominantly plagioclase and minor clinopyroxene and 
olivine crystals. The matrix is made up of plagioclase and glass together 
with some olivine and clinopyroxene crystals. These crystals (which were 
phenocryst in undisturbed magma) are themselves clasts. 
3.4 INTRUSIVE ROCKS 
Most of the mapped dikes were not thin sectioned, even though, based on a 
limited number of samples (around the Tors and some from Mt Pleasant 
areas) a general petrographic account of the dikes are presented below . 
Excepting the dikes, all sills and other intrusives in the mapped area have 
been thin sectioned. 
Field descriptions and location of all dikes exposed in the mapped area and 
other intrusive rocks are given In appendix II and some of the thin sections 
examined are listed in appendix III . Chemical analysis of selected 
in trusi ves are given ina ppendix V a nd VI togeth er with ex trusi ve ro cks. 
3.4.1 Mafic intrusives 
The mafic rocks among the intrusive~ are the olivine-basalt dikes of the 
radial swarm that cut the late phase volcanics (Mt Pleasant formation) . 
These dikes are exposed around Mt Pleasant (M36B4016 , M36B4034, 
M36B4036) and the Tors (M36B24) areas. 
[aJ Olivine-basalt dikes:- The dikes have holocrystalline, aphanitic and 
porphyritic textures . They con tain phenocrysts of olivine and some 
colourless clinopyroxene (augit,e). Plagioclase phenocrysts are absent (Fig. 
3.15) or less than 2% (Figs. 3.13 and 3.14) and olivine phenocrysts reach up 
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to 15 % of the total rock. Groundmass minerals are plagioclase (An 60-50), 
olivine, clinopyroxene (augite) and Fe-oxides . Olivine phenocrysts are 
subhedral and partially resorbed and corroded with thin rims altered to 
red/brown iddingsite (Fig. 3.15). Some of the these dikes have euhedral, 
elongate olivine crysta ls partially rep la ced by Fe-oxide. The groundmass is 
rich in olivine with subordinate plagioclase, clinopyroxene and Fe oxide. 
Some dikes contain microphenocrysts of red or colourless apa tite. 
[b] Hawaiite dikes :-The dikes are holocrystalline, aphanitic and porphyritic 
with weakly intergranular textures. These contain phenocrysts of olivine in 
addition to plagioclase (An 65-40) and colourless clinopyroxene (augite). 
The groundmass minerals are olivine, plagioclase (An 55-35), clinopyroxene 
(augite and Ti-augite) and Fe-Ti oxide. 
3.4.2 Intermediate intrusiYes 
Mugearite dikes: - Have similar petrographic features to the lava flows , but 
most dikes show sub-trachytoid texture . The dominant phenocrysts are 
plagioclase (60 -35 ) with subordinate clinopyroxene, some olivine an d 
Fe-oxides. The groundmass minerals comprise plagioclase (40-10), olivine, 
clinopyroxene and Fe-Ti oxides. 
3.4.3 Felsic intrusil'es 
5 3 
Trachylic illirusil'e:- Tra ch yte dikes, sills and intrusion have very. similar 
petrographic f eatures. The textures in the different intru siv es varies, but 
most of the intrusives generally have holocrystalline, porphyritic and 
trachytoid textures (Fig. 3.16). Some trachytes are characterized by lath-like 
plagioclase in parallel alignment due to flow in the molten rock which is 
known as trachytic texture. This texture is not only confined to trachytes, 
it is a lso common in so me mu gearite and hawaiite lava flows and intrusives. 
The phenocrysts are dominantly albite to anorthoclase , pa le green 
clinopyroxene (ferroaugite), rare colourless clinopyroxene (augite) and 
Fe-oxide. Fresh euhedral clinopyroxenes (ferroaugite) are sometimes found 
in some dikes (Fig. 3.10). Fayalitic olivine occurs in some trachytic 
intrusives. The groundmass minerals comprise plagioclase (albite to 
anorthoclase), pale gree n clinopyro xe ne (ferroau gi te) , rare fayalitic olivine , 
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Fe-oxide together with devitrified glass . Some trachytes have flow textured 
groundmasses consisting of sodic alkali feldspar (anorthoclase), with 
subordinate clinopyroxene (augite) and sometimes brown hornblende . The 
groundmasses of some trachyte intrusives show conversion of anhydrous 
ferromagnesian silicates into chlorite and serpentine minerals, which gives a 
greenish colour to most trachytes under p.p.l (plain polarized light) and in 
the field. 
3.5 SUMMARY AND DISCUSSION 
It has been suggested by other researchers (Sewell,1985, 1988 and Weaver 
and Sewell, 1986) that the Lyttelton rocks are distinguishable from other 
Banks Peninsula rocks (such as Akaroa, Mt Herbert etc .). The Lyttelton 
volcanic group consist dominantly of hawaiite to trachyte lava flows 
(Sewell, 1988). The present study also supports this and shows the Lyttelton 
rocks consist of dominantly hawaiite, with benmoreite next in abundance 
together with some trachyte and very minor mugearite lava flows. On the 
ba sis of field observations, the Lyttelton rocks have been divided into Main 
and late phase rocks (Chapter 2). Each phase is characterized by mafic to 
felsic lava compositions as discussed in earlier sections of this chapter. 
The aims of this sub-chapter are to summarize:- (i) the petrographic aspect 
of lavas capable of giving information of petrogenetic significance (ii) the 
petrographic difference between the main and late phase rocks, (iii) the 
intrusives rocks and their relationship to extrusive rocks and/or comparison 
of Lyttelton rocks with other Banks Peninsula lavas. 
[AJ Petrographic obsenations and the possible petrogenetic significance:-
(i) Primary iglleous processes (corrosion alld resor plioll). 
Phenocrysts crystallized in the intra telluric environment from liquid 
represented by their groundmasses after eruption. The petrographic ' evidence 
for this is the euhedral form of the crystals. Some of the ph enocrysts, 
however show evidence of reactiollS with the liquid which usually manifests 
itsel f in corroded form or in the presence of a mantle (so-called reaction 




In most Lyttelton lavas, petrographical evidence in the form of corrosion 
and partial resorption of some plagioclase , clinopyroxene and olivine 
phenocrysts suggests significant movement of phenocrysts relative to melt in 
a chemica ll y zoned magma or low pressu re d isequil i brium betwee n c r ys ta ls 
a nd liquid. The r esorbed f eatur e In most olivin es sugge st r eac tion 
rela tionships with the liquid. Reactioll can be caused by thermal 
(compositional) disequilibrium and by equilibrium resorption. It ha s been 
assumed that thermal (composit ional) di sequilibrium is on e the most common 
causes of resorptioll. The other cause of resorptional fea tures is by change 
of P-T conditions as magma moves towards the surface. 
It seems likely that the brown hornblende which is thought to be k aersutite 
(Sewell, 1985) crystallized at relatively high pres sure under hydr ou s 
conditions, and under low pressure conditions broke down to be resorbed 
and replaced by a magn etite - clinopyroxene assemblage . In general, 
resorption of phenocrysts in some lavas and th e presence of kaers u tite 
indi cate polybaric fractionation and mov ement of ph enocry sts rela tive to 
melt. Partially reso r bed kaersutit e mega cr ysts are common in youn ge r 
Lyttelton ma fi c fl ows (Weaver et a l. 1989 in pr ep.). Kaers utite megac r ys ts 
a re not only found in younger (late phase) rocks, th ey are common in th e 
older (ma in phase) f e lsic a nd mafic rocks as well. 
(ii) Secondary Igneolls Process (a !teratioll ):-
Some Lyttelton rocks are far from pristine (fresh), this is either becau se 
they are weathered or have undergone lale or post magmatic alterati on. 
Alteration minerals often pseudomorphed by low-temperature phases (such as 
chlorite, serpentine and opaques) or by high-temperature phases such as 
iddingsite. Most Lyttelton rocks (the main and late phase mafic and 
in termedia te rocks) show margi na I idd i ngsi tisa tion of olivine phenocrysts 
accompanied by complete replacement of ground mass olivine. As discussed 
in several sect ions of this chapter, olivines shows characteristic shapes and 
are susce ptibl e to ma rginal alt er a tion . Of th e common alte ra t ion produ cts 
of olivine, apart from opaques (o x ide), the red-brown mineraloid iddigsite is 
a ubiquitous product of high - temperature (magmatic) alteration. Olivine is 
often pseudomorphed by Fe-oxide and iddingsite and its presence is mainly 
inferred from euhedral olivine 'shapes of the pseudomorphs. The rep lacement 
of olivine ph enocrysts and to a lesser ex tent clin op yroxene with idd in gs ite 
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rims probably indicates late stage magmatic oxidation (Weaver, pers. comm.). 
The occurrence of sparse subhedral red-brown apatite microphenocrysts in 
the lavas could be explained as the remains of high pressure crystallization 
or poly baric fractionation. 
[B] Petrographic differences between the main and late phase rocks:-
The main and late phase (Mt Pleasant formation) rocks do not show major 
differences in petrography. Both are characterized by mafic to felsic lava 
compositions, but the main phase Lyttelton hawaiite lavas can be 
distinguished from late phase hawaiite by differences In the modal 
population of minerals. The main Lyttelton hawaiites are more porphyritic 
in texture and have higher modal plagioclase phenocrysts (25%) than late 
phase hawaiites. Amphibole is far more common in the late phase hawaiites 
than in the main phase hawaiites. There is no observable petrographic 
difference between the main and late phase mugearites and benmoreites. 
There is no trachyte lava flow in the main phase Lyttelton volcanics. 
[C] Intrusives and their relationship to extrusi"es and other Banks Peninsula 
rocks:-
Among the intrusives, the olivine-basalt dikes are distinguished from the 
late and main hawaiite flows by their high contents of olivine phenocrysts 
(t yp ically 10- I 5%) and a bsence of plagioclase phenocrysts. These dikes 
intersect the late phase rocks and they are younger than the other dikes 
(intermediate and felsic dikes) and late phase lava flows. The olivine-basalt 
dike which cuts the Castle rock trachyte is correlated with the younger 
Church volcanics (Weaver and Sewell, 1986). Based on this fact, together 
with petrographic and field relationships, the olivine-basalts in the mapped 
area probably all belong to the Church volcanics (8 .1-7.3 Ma). In general, 
the dikes range from mafic to felsic rocks as is the case of the lava flows. 








This chapter discusses the geochemistry of extrusive and intrusive rocks of 
the north-eastern sector of Lyttelton volcano. The objective of this chapter 
is:- (i) to classify and describe the rocks on the basis of the their chemistry 
(ii) to determine the stratigraphic variation in major and trace elements and 
to assess chemical variation between the main and late phase (Mt Pleasant 
Formation) Lyttelton volcanics, (iii) to correlate lava flows and other units 
from different outcrops (iv) to make inferences concerning the petrogenesis 
of the Lyttelton volcanic group, (v) to asses the tectonic significance of the 
Lyttelton lavas by means of geochemical discrimination diagrams 
The chapter discusses the main and late phase Lyttelton volcanics (Mt 
Pleasant Formation) under different headings. The first two sections deal 
with major and trace element classification and variations . These are 
followed by stratigraphic variation using geochemical parameters. The last 
section deals with petrogenesis of the lavas and their tectonic setting, 
together with a summary discussion on isotope geochemistry and comparison 
of Lyttelton rocks with other parts of Banks Peninsula. 
Whole rock major element analyses and CIPW normative mineralogy for · 
extrusive and intrusives are presented in appendix Vb. Trace element 
analyses and ratios are given in appendix Vlb and other description of 
samples are found in appendix II. 
4.2 CHEMICAL CLASSIFICATION AND ASSOCIA nONS 
4.2.1 Nomenclature 
Extrusive and intrusive rocks of the mapped area range in composition from 
ol-basalt to qz-trachyte and have silica abundances ranging from 47 to 67 
Wt. %. Lyttelton volcanic rocks are here classificd according to the scheme 
of Coombs and Wilkinson (1969). This classification is based on 
Differentiation Index versus normative plagioclase composition (Fig. 4.1). 
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Lyttelton rocks are classified accordingly as shown on figure 4.1 and rock 
names are prefixed by the normative minerals (ne, hy or qz); this indicates 
the degree of silica saturation (see section 4.7.2 and appendix Vb). 
Some Lyttelton rocks are weathered, oxidized or alt e red, in volving 
replacement by secondary minerals and mineraloids (see chapter 3). Such 
alteration directly affects the chemical classifica tion of samples if the 
primary chemistry has changed. Most alteration involves oxidation and the 
conversion of iron from ferrous (Fe 2+) to the ferric (Fe 3+) state. In the 
CIPW norm such a change results in the formation of hematite at the 
expense of magnetite and under estimation of Fe silicates (olivine and 
pyroxenes). In effect Si02 is "liberated" and normative qz and may be 
generated or normative qz and hy may be increased. To minimize this 
effect, normal practice, even when separate ferrous and ferric iron 
concentrations are available, is to calculate norms for a suite of rocks at a 
co nstan t iron oxid a tion state. Here a ra tio of Fe20 3 / F eO = 0.3 is ass um ed 
(Weaver peTS. comm.). 
The degree of hydration of sa mplcs ca n be jud ged f rom the ma gnitud e of 
the determined LOr. The norm calculation is of course independent of this 
variation. Other changes in primary chemistry can not be compensated for 
except that in fi eld sampling, only th e fresh es t r ocks were chosen. T he 
variable oxidation and hydration that has affected the Lyttelton rock -is 
typica lly of pre-Qua ternary volcanics and should not have biassed the 
geochemical discussion presented here. 
4.2.2 Chemical associations 
The Lyttelton volcanics plot on both sides of the boundary line (Fig. 4.3) 
separating alkaline and subalkaline compositions (Irvine and Barager, 1971). 
Likewise on the AFM plot, (Fig. 4.2), Lyttelton rocks straddle the division 
between alka line and sub a lkaline compositions (Macdona ld and Katsura, 
1964). Thus In general the Lytteiton suit e is transitional in geoch emi ca l 
affinity. 
Several felsic Lyttelton rocks (ben moreites and trachytes) plot in the 
subalka line fie ld (Figs. 4.3, 4.4) ~ On the a lkali silica plot , most mafic rocks 
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members of the alkali oLivine basalt - hawaiite - mugearite - benmoreite 
-trachyte associations as defined by Coombs and Wilkinson (1969). This 
designation is consistent with the mineralogy of the rocks, that is the 
presence of a single Ca-rich clinopyroxene and abundant olivine and the 
absence of orthopyroxene and pigeonite. In addition to these features the 
Lyttelton rocks do not show any trends of Fe-enrichment characteristic of a 
tholeiitic suite (Fig. 4.2). 
The intermediate and felsic Lyttelton rocks that plot in the subalkaline field 
(Fig. 4.3) are not related to the Governors Bay series as described by Weaver 
and Sewell, 1986 (Fig. 4.4). This study classified the Lyttelton rocks as 
benmoreite and trachyte (alkaline suite, sodic series) rather than dacite 
(subalkaline suite, potassic series). The reasons for this designation are:- (i) 
these rocks have typical alkaline suite mineralogy (as described above / see 
chapter 3). (ii) Some samples may plot in subalkaline field due to alkali 
loss. 
As shown in figure 4.4 the Governors Bay Volcanic are a subalkaline potassic 
seri es Icelandate, K -dacit e to peraluminous K-rhyolite (Weaver et a1. in 
press .). Akaroa volcanics are on alkaline, sodic series, alkali basalt to 
trachyte association (Fig. 4.4). In general the subalkaline potassic trend of 
the Governors Bay volcanics and the alkaline, sodic trend s of Lyttelton and 
Akaroa volcanics are distinct on Figure 4.4. The presence of high silica 
fe lsic lava flows in Lyttelton is clearly distingu ishes the Lyttelton volcanics 
from Akaroa volcanics (Figs. 4.3, 4.4). 
4.3 CHEMICAL VARIATIONS 
This section discus~s major and trace element variation in Lyttelton volcanics. 
For this purpose, r~he discussion is based on two plots :- the first variation 
diagram is for extrusive and intrusive rocks and the second diagram covers 
extr usive rocks only. Both plots are presen ted side by side. 
The reasons for selection of extrusive and intrusive plots together (i.e Figure 
numbers suffixed by letter "a") are :- (i) to show chemical variations or 
trends for th e whole Lyttelton suite, (ii) to show re la tion sh ips be twee n t he 
chemistry of the two groups of -· ex t r usive rocks and int r usive rocks , (iii) to 
show chemical variation within the intrusive rocks th emselves. The reason 
I \ 
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for plotting extrusive rocks separately (i.e Figure numbers suffixed by letter 
"b") is simply to assess clear chemical differences between the main and late 
phase Lyttelton volcanics (Mt Pleasant Formation) which have been separated 
on the basis of field relationships (see chapter 2). 
4.3.1 Major- element variation 
Major element , are plotted against Si02 as an index of differentiation. 
i 
Firstly the major element variation of the whole Lytteiton suite is di scussed 
below based on Figure 4,5a that covers both extrusive and intrusive rocks. 
Silica versus oxides variation: 
Major elements abundances plotted against Wt. % Si02 show a wide range in 
abundances and display fractionation trends. The large scatter of points 
shown by main and late phase volcanics may be partly a consequence of the 
porphyr itic nature of the samples. This problem is difficult to overcome 
because of the general highly porphyritic nature of most of the main pha se 
Lytteiton lava flows. However despite the scatter of points on the variation 
diagrams fractionation trends are still apparent. 
MgO decreases with increasing Si02 (Fig. 4.5a), reflecting fractionation of 
Mg-rich phases (olivine and clinopyroxene). The low MgO content and low 
Mg numbers are indicative of fractionated rocks. Even most Lyttelton basic 
rocks are highly fractionated relative to mantle-derived primary magmas. 
Like MgO, total Fe20J decreases with increasing degree of differentiation 
(Fig. 4.5a), suggesting Fe203 is controlled by fractionation of olivine, 
clinopyroxene and Ti-magnetite. 
(ii) Si02 versus Ti02 and CaO:-
A decrease in Ti02 with increasing degree of differentiation (Fig. 4.5a) 
reflects fractionation of Ti -magnetite and to lesser extent titaniferous 
clinopy roxene. CaO shows a decrease w ith in creasing de gree of 
differentiation (Fig. 4.5a) reflecting the fact that CaO is removed by 
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The enrichment in K 20 with increasing Si02 (Fig. 4.Sa) indicates th e absence 
of a fractionating K -rich min eral and that K 20 is ac ting as an incompa tible 
element throughout the range of magma compositions studied here. The 
behaviour of Na20 is more complex. In basic magma compositions it 
behaves incompatibly like K 20 and is strongly enrich ed. However, Na 20 
peaks in abundance in intermediate rocks, and is relatively depleted in lavas 
of the most evolved composition (trachytes). This reflects the fractionation 
of intermediate and sodi c plagioclase. Clearly th e composition of 
fractionating plagioclase is the mam control on the Na 20 / K20 ratio of the 
la vas which is rei a ti vely consta n t in mafic rocks bu t drastica I1y reduced as 
plagioclase become more sodic. 
P20 S and Al 203 show dispersed trends (Fig. 4.Sa). Initially an increase in 
abundance is followed by decreas e at hi gher levels of fra ctionation. AI20 3 
shows disp ersed enrichment with in creas e in Si02, refl ecting a lack of 
plagioClase f r actionation In basic rocks but increasingly significan t 
fr act ionation in in termed iate and f elsic rock s. T he concentratio n of Al20 3 is · 
highly sensitive to the abundan ce of plagiocla se phenocrysts , th erefor e, the 
scatter in basic rocks could be partl y du e to this variable. 
As shown on the variation diagram, P20S initially increases then decreases 
(Fig. 4.Sa). The peak clearly . corresponds to the incoming of apatite as a 
fractionating phase, although trace apatite has been detected in some mafic 
rocks (cha pter 3). 
In conclusion, the general trend through the fractionation series is the 
increase in K 20 and Na 20 , and a decr ease MgO, Fe20 3, Ti0 2, CaO and 
P2 0 S (F ig. 4.Sa) . T his sugg es ts th a t the ma in p rocess con trolli ng t he 
variation in the magma chemistry is fractional crystalli zation of phenocryst 
phases, namely of olivine, clinopyroxene and plagioclase together with 
T i-magnet i te (the common phenocrysts in most rocks). Thus most of t he 
che mica l 1' a ria tions in Ly tt eIt on lavas can be ascribed to low press ure 
f ract ionat ion, presuma bl y in a crustal magma chamber, rather than mant le 
\ ' 
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processes involving different degree of partial melting . 
4.3.2 Trace-element yariation 
Trace-elements are plotted against Zirconium to asses'" chemical variations 
within Lyttelton volcanics. Trace element data and selected trace element 
ratio are presented in appendix VIb. 
(i) Zirconium versus trace elements. 
Zirconium IS chosen as an index of fractionation because: (a) it shows wide 
variation in these lavas and may be determined with high precision (b) 
because of its low bulk distribution coefficient in basaltic suites, it behaves 
as an incompatible element with low crystal-melt partition coefficients in 
most igneous minerals (c) The concentration of Zr is very sensitive to partial 
m c:(ti ng and/or differentiation and it is insensitive to alteration (Tarney et / 
i-. 
aI.i977). 
Zr versus Sr:- Strontium abundance increases slightly, but becomes depleted in 
more evolved (felsic) rocks as zirconium increases (Fig. 4.6a). This suggests 
that Sr was concentrated in the early stages of fractionation by 
crystallization and removal of olivine and clinopyroxene, but in later stages 
was removed by plagioclase. The dispersion of points partly reflects the 
porphyritic nature of some samples rich in plagioclase phenocrysts. 
Zr versus Ni, Cr and V:- The behavio! of the compatible trace-elements Ni, 
Cr and V supports the crystal fractionation of olivine, clinopyroxene and 
magnetite. For example, Ni decreases with increasing differentiation (Fig 
4.6a), this suggests fractionation of olivine. Cr also decreases with increasing 
Zr, suggesting mainly clinopyroxene fractionation. The decrease in V with 
increasing Zr (Fig. 4.6a) suggests fractionation of magnetite. 
Zr versus Rb, Nb, Ce and Ba These elements behave incompatibly and are 
enriched with differentiation. Rb, Nb, Ce and Ba increase with increasing 
Zr content (Fig. 4.6a). A flattening out of the trends for Rb, Ba and Ce is 
apparent for the most evolved (high Zr) compositions. This suggests that in 
felsic compositions, these elemepts are less incompatible than Zr and that 
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sodic plagioclase and ternary feldspars which can incorporates Ba and Rb, 
and probably apatite which incorporates Ceo 
Zr versus Y:- The behavior of Y is very erratic. There is an initial 
tendency to increase, but Y concentrations in felsic rocks a re very variable. 
Further work including the analysis of full Rare Earth Element patterns is 
necessary to investigate this behaviQL 
' \ 
4.3.3 Oxides and trace-element nriations 
(a) Zircollium )'ersus major elements 
MgO, CaO, Ti02 decrease with increasing in Zr, but K 20 and Na20 increase 
linearly with Zr (Fig 4.7a). K 20 versus Zr suggests that K is acting as a 
strongly incompatible element. The dispersion in Na20 r elative to K 20 
indicates that Na is behaving less incompatibly than K (Fig. 4.7a). The 
observed trend of MgO versus Zr (Figs. 4.7a) su ggests that the fract ionation 
is probably caused by olivine removal, but the scatter probably r ef lects 
variation in the degree of olivine fractionation or the existence of a number 
of subsidiary trellds (different lines of liquid descent). The trend shown by 
Zr versus CaO and TiD2 suggest crystal fractionations. P205 initially 
incr eases and then decreases with incr easing Z r (F ig. 4.7a) suggesting th at P 
is controlled by the remo val of apatite in th e middle s ta ges of t he 
fr actio nating sequ ence. 
(b) S ilica versus trace-element variation. 
Zr, Ba and Rb increase with increasing S iD2 whereas S,. decreases with 
increasing silica (Fig. 4.8a). The behaviour shown by S,. suggests that 
plagioclase crystallization is the controlling factor. Nb initially increases but 
then decreases at higher levels of differentiation. On Figure 4.8a and 4.8b 
it is appa ren t th at a grou p of fe lsic mai n phase r ocks ha ve pa rt icular}y low 
N b con ten ts. T hese rocks a Iso have low Sr a nd in these respects there is a 
similarity to felsic rocks of the Governors Bay Volcanic Group. Thus these 
rocks may represent a subsidiary or separate geochemical trend. Clearly 
.' further ; more detai led investigation is needed to clarify this issue. 
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MAIN AND LATE PHASE (MT PLEASANT FORMA nON) ROCKS 
GEOCHEMICAL DIFFERENCES 
Some of the major and trace-element variation plots demonstrate two separate 
fractionation trends. These are the main phase trend and late phase (Mt 
Pleasant Formation) fractionation trend. 
(i) Major elements:- Two fractionation trends are apparent III Lyttelton rocks 
as shown by CaO and K20 versus Si02 (Fig. 4.5b). Most of main phase 
Lyttelton volcanics have slightly higher CaO:Si02 ratios and lower K 20:Si02 
ratios at a given level of differentiation (Fig. 4.5ba), also main phase mafic 
rocks have lower Na20:Si02 ratios compared with late phase rocks (Mt 
Pleasant Formation). 
(ii) Trace elements:- Two trends are observed in Lyttelton rocks on a plot of 
Rb versus Zr (Fig. 4.6b). Most of the main phase volcanics have relatively 
higher Rb:Zr ratios compared with late phase rocks. Most of the main phase 
rocks have relatively lower Sr:Zr and Ce:Zr ratios and higher Ba:Zr ratios 
(Figs. 4.6b) than late phase (Mt Pleasant Formation) rocks. 
(iii) Subsidiary fractionation trends identified in the LytlellOIl volcanics:-
The K20 versus Zr, plot shows 3 weakly defined trends not seen on other 
plots (Figs 4.7b). This suggests different subsidiary trends with different 
K20:Z r r atios. Clea rl y the main phase has hi gher K20:Zr than th e late 
phase but there is a transition from one to the other. This variation 
strongly suggests that K20:Zr of parental magmas changed through time. 
Either the mantle source is heterogenous with respect to K20:Zr or, if late 
stage volcanics represent slightly smaller percentages of partial melting, a 
mantle K-phase (phlogopite) becomes increasingly refractory holding back K 
and decreasing the K20:Zr ratio (Weaver peTS. comm.). 
The range of sili ca contents of la te phase Ly ttelton volcanics is la rger (48 to 
66 Wt. %), than the main phase rocks (48-64 Wt. %). Major oxides and 
trace -elments are fractionated within both phases at a given level of 
diff eren tia tion, there are identif ia ble separa te trends for the main and la te 
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4.5 STRA TIGRAPHIC V ARIA TION AND CORRELATION USING 
GEOCHEMICAL PARAMETERS 
By correlating stratigraphy and major element geochemistry a chemical 
variation with time is observed. The measured stratigraphic section is from 
chapter 2. Selected oxides, elements and samples are plotted to assess the 
variation (Fig. 4.9). Si02, K20, CaO, Rb and Zr were chosen for this 
purpose. Descriptions of the samples are listed in appendix Ila and appendix 
IIlb, and chemical data are in appendix Vb and VIb. 
In Figure 4.9 the Wt. % of selected oxides and trace-elements in ppm have 
been plotted against elevation in metres. The plot can be compared directly 
with those of the mineral abundances in chapter 3. The chemical data show 
an overall stratigraphic change in composition. As shown in figure 4.9, the 
late phase mafic rocks have higher K 20 and low CaO than the main phase. 
The main phase (Mt Pleasant Formation) mafic rocks have lower Rb and Zr 
than late phase roks (Fig . 4.9). This conclusion is also supported by 
chemical variation plots of major oxides and trace-elements (see section 4.3 
and 4.4). 
This variation in composition is directly related to magmatic processes and 
variation In mineral abundances. These overall trends reflect cyclic 
differelltiation within the Lyttelton volcanics. The term cyclic · 
different ia tioll d escribes th e progress iv e chang e from basic to f elsic 
composition. The return to a basic composition marks the beginning of a new 
cycle. Thus 2 major cycles are recognized and these correspond to the main 
and late phase Lyttelton volcanics. In terms of ·the range of compositions 
they are more or less similar with only slight variation in chemistry and 
mineralogy. 
4.6 INTRUSIVE ROCKS 
As for the extrusives, the intrusives are subdivided in to main and late 
phase intrusives on the basis of chemical criteria. The assessment and/or 
designation of main and late phases for intrusives are mainly done by 
corre lat ing the chemical trend of the late p hase (younger) and the main 
pha se (old er) vol cani cs with th e trends of intrusive rocks . For exa mpl e, 
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late phase intrusives and vise versa. The age and classification of the 
intrusives is based on limited chemical and petrographic data together with 
their field relationships with extrusive rocks. Shelley (1988) concluded that 
Ly ttelton dikes are deriv ed f rom tw o ce ntres of d iff erent age mainl y on the 
basis of study of dike orientations. The two centres of dikes with different 
age probab ly correspond to main and late phase intrusives. Since most 
intrusives are not chemically studied more chemical date' on intrusives 
together with dikes orientations eonf~rm the above conclusions. 
(i) Major and trace element.'-> 
The chemical trends of the intrusive rocks are similar to the main and late 
phase trends for Lyttelton lavas and can be explained in terms of crystal 
fractionation. Generally, the compositional range and major element 
variation of the intrusive rocks are similar to the extrusive rocks. The 
intrusives cover a wide comp ositional ran ge from nepheline normati ve to 
quartz normative (Fig. 4.3a). The most evolved intrusives (sills and some 
dikes) have lower Ti02:Si02 and MgO:Si02 ratios but higher K 20:Si02 ratios 
consistent with their trachytic composition (Fig. 4.5a). These chemical trends 
indicate that the most evolved intrusive fractionation series have undergone 
considerable degrees of crystal fractionation by removal of olivine and 
clinopyroxene. Some dikes are enriched in MgO, this suggests these dikes 
are less evolved than the other rocks. The MgO-rich dikes (mafic dikes) are 
chemically distinct from mafic Ly ttelton rocks. T he petrography of th ese 
dikes support the conclusion that they are representative of the "Church 
volcanics" (Sewell, 1985). 
(ii) Main phase intrusives 
As shown on Figures 4.5a, 4.6a, 4.7a and 4.8a, variation diagrams of major 
and trace elemen ts for ex trusi ve and intrusive rocks ena ble classifica tions as 
younger (l ate ) and old er (main) int r usives to be made. Some intrusiyes have 
similar compositions to the main phase extrusives and are classifi ed as older 
in trusives (main phase in trusi ves), on the basis of their chemistry . Trachyte 
dikes (samples M36B60 and M36B53) and sills (M36B56 and M36B5563) are 
examples of main phase (o lder) intrusives (Fi g. 4.5a ; Si02 versus CaO or 
K2 0 , Fi g. 4.6a; Zr ve rsus Nb, ' F ig. 4. 7a, Zr versus Ti02 or K20, Fig. 





older extrusives) and petrography support this conclusion 
(iii) Late phase intrusives 
Intrusives that have similar chemistry to late phase extrusives are classified 
as late phase intrusives. Castle Rock trachyte intrusion (M36B6a), lava plug 
(M36B215I) and basaltic dikes (M36B24) are examples of younger intrusives 
(Fig. 4.5a; Si02 versus K20 or CaO, Fig. 4.6a; Zr versus Nb, Fig. 4.7a, 
Zr versus Ti02 or K20 Fig. 4.8a; Si02 versus Zr). 
(iv) Summary 
Based on field relations, limited geochemical data and petrography the 
following conclusions concerning the intrusives can be drawn :-(a) Dikes 
intruded the late and main phase extrusives throughout the history of the 
volcano. Based on the field relationships the sills could be main phase or 
late phase. (b) Dikes are related to the main and late phase extrusives and 
can be classified as younger and older dikes. (c) Most basaltic dikes are 
younger than intermediate dikes/felsic dikes. Examples of late phase basalt 
dikes which can be correlated with "Church volcanics" are M36B24, 
M36B4016, M36B4034 and M36B4036 which have similar petrographic 
characteristics (Chapter 3). (d) Intermediate and felsic dikes are mostly 
related to the main phase volcanics. 
4.7 PETROGENESIS 
4.7.1 General 
This sub-chapter mainly assesses the petrogenetic processes which have 
produced the suite of Lytteiton rocks. The first part deals with the degree 
of silica sa tura tions of mafic rocks expressed in terms of their norma ti ve 
mineralogy. This is followed by attempts to model petrogenetic processes. 
The last section in this chapter assesses the tectonic significance of Lytteiton 
lavas by means of geochemical discrimination diagrams. 
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4.7.2 CIPW normath'e mineralogy 
The CIPW mineralogy demonstra te the degree of si lica-saturatioll in rocks. 
Representative analyses of samples having differentiation index (D.!) < 50% 
(basic rocks) and those that are considered to be fresh are plotted in Figure 
4.IOa. Figure 4. IOb from Weaver and Sewell (1986) is presented to compare 
other Banks Peninsula rocks with the present results (Fig. 4. IOa). The Figure 
has cotectic curves for I atmosphere and 9 kb (Thompson, 1982). The arrows 
show the directions of falling temperature on these cotectics (cotectics are 
for plagioclase, olivine, clinopyroxene and basic liquid). 
Basic rocks of the main and late phase extrusive and intrusive rocks have 
compositions closer to the I atm. cotectic and equilibria at low pressure (Figs. 
4.10a, 4.IOb). On the CIPW normative diagram the other volcanic groups 
such as the Akaroa Group indicate deep crustal equilibration plotting closer 
to the 9 kb cotectic, whereas the Lyttelton lavas plot nearer the 
atmosphere cotectic reflecting shallower crustal equilibration. Furthermore, 
the normative composition of Akaroa lava contrasts with those of Lyttelton 
in being mostly nepheline normative. The majority of Lyttelton mafic lavas 
are hypersthene normative, where as a few are quartz normative (Fig . 
. 4.1 Ob). The Lyttelton grou p hawaii tes plot nearer the 1 atmosphere cotectic 
curve determined experimentally for basic liquids (Thomson et al 1983) than 
the hawaiites of the other volcanic groups (Fig 4.10b). The trend shown by 
Lyttelton lava suggests the magmas have equilibrated at a low pressure of 5 
Kb. As shown on figure 4.10b the Lyttelton volcanics are chemically 
distinguishable from other volcanic groups on Banks Peninsula. 
As shown on Fig. 4.10a Lyttelton mafic rocks are scattered between the Di-Ol 
and the Di - Hy joins. The majority of main phase samples plot close to the 
Di - Hy join. The composition of the Lyttelton rocks suggest they range 
from alkali to tholeiitic basalt. Mt Herbert and Akaroa samples are 
dominantly alkali basalt (Fig. 4.IOb). Church and Stoddart samples are 
mostly basanite and have higher diopside/olivine ratio than other Banks 
Peninsula rocks (Fig 1. lOb). 
The normative compositions of the main phase Lyttelton volcanics show slight 
contrast with those of the late phase in being mostly quartz and hypersthene 
normative, whereas the late phase volcanics are olivine or weakly nepheline 
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normative (see appendix V b). Thus, there appears to be a trend from 
transitional to more alkaline (undersaturated) composition with time. 
4.7.3 Modeling of petrogenetic processes 
4.7.3 .1 General. 
The objective of this section is to assess the major petrogenetic processes 
(such as crystal fractionation or crustal contamination) that produced the 
range of mafic to felsic compositions of the main and late phase (Mt 
Pleasant Formation) volcanics. 
Any assessment of the composition of mantle parental magmas is difficult 
due to the absence of Mg-rich basic rocks in Lyttelton volcano. Major and 
trace element variations in Lyttelton rocks have been evaluated and 
interpreted in terms of crystal fractionation as the dominant influence on 
magmatic differentiation (see section 4.3). 
4.7.3 .2 Crustal assimilation in modification of L),ttelton magmas 
Chemical parameters known to be indicative of crustal contamination are 
high initial strontium isotopic ratios which usually correlate with high Si02, 
KINa and low NblTh and Nd isotopic ratios. According to Weaver et a1. (in 
press.) Sr isotopic ratios for most Lyttelton rocks are low (range 0.7030 
-0.7035). Only in evolved rocks such as trachytes which have low Sr and are 
suscepti ble to crustal con ta mina tion are Sr ra tios eleva ted above 0.7035 (Fig. 
4.12). Many intermediate and evolved rocks have Sr ratios <0 .7035 (see 
section 4.8 .1 and Fig. 4.12). Isotopic data on Lyttelton lavas by Weaver et a1. 
(in press.) suggest negligible or minor crustal con tamina tion. 
No isotopic data are available for LytteIton lavas sampled in this study . 
Other authors have calculated that the main petrogenetic process jn the 




4.7.3.3 Modelling of fractional cr)'staJlization: 
The major element composition of proposed parent and daughter magmas and 
the composition of co-existing mineral phases was used to assess least squares 
models of crystal fractionation. The models are acceptable if the sum of the 
squares of the residuals is less than 2. It should be noted that such mass 
balance calculations are general only approximations. Their applicability may 
also be judged by checking whether the calculated proportions of mineral 
phases involved resemble those observed petrographically (chapter, 3). 
Six models were used to assess the petrogenetic relationships within Si02 
range (49-66 wt. %) and the MgO range (0.I-S.0 wt%) for main and late 
phase Lyttelton samples. Of these, three models used for main phase and the 
other three were for late phase modelling. These models test the hypothesis 
that chemical variation in the lavas can be explained by crystal fractionation 
of the observed phenocryst phases. 
Mineral chemistry (microprobe analyses) data were taken from Sewell (l98S) 
and Deer et a1. (1966). The minerals were selec ted on the basis of close 
petographic and chemical similarity of rock types. Selected analyses of main 
and late phase rocks are given in appendix 7a and representative mineral 
analyses are presented in appendix 7b. 
(a) Least squares models of cr)'stal fractionation for main phase rocks: 
Model - 1 
Model - 2 
Model - 3 
Relates a main phase Mg-rich hawaiite (M36B4301) to a 
10w-MgO evolved hawaiite (N36AS826). This model show sum 
of squares of residuals (R) of 0.09 and involves crystal 
fractiona tion of olivine, clinopyroxene and plagioclase (Table 
4.1 ). 
Assesses the relationship of the evolved hawaiite (N36AS826) 
to the mugearite (N36AS824 ). This model has sum of squares 
of residuals of O.4S. This model indicates the importance of 
plagioclase and clinopyroxene fractionation in the evolution 
of mugearite. 
Demonstrates the relationship of mugearite (N36AS8 24 ) to 
benmoreite (N36':A.S822) . This model shows an R value of 
I.S2 (Table 4.1 ). The largest residual error is P20S and 
Table 4 . 1 Results of least squares mcdels of Clj'Sta1 fractionation far _ in 
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M:xiel-l M:xie1-2 M:xiel - 3 
fI lGHTEll IKPlIT om: WlIGHTED 11M DlTl: ~EI 6IIIED IIIPUT DAIA: 
PAiDT CPl.2 01.3 ,1.2 11.2 Dll1S1!TER mElT CPI.1 0\.1 Pl.l 11.1 nllJQfTER PAR£1l CPI. 4 01 .1 PI.4 11.1 DAU6IIIER 
SI02 49. 52 51.05 36.74 62 .63 0.51 50. 09 SI02 50.09 48 .88 3U6 50. 01 0.10 54 .78 8102 ~.78 47. 00 36.74 57.95 0.10 62.26 
T102 2.74 1.28 0.07 US 58.48 2. 78 Tl02 2.78 1.74 0.02 o. n 2'-40 1.98 1102 1.98 1.19 0.07 0.00 26. 40 I.OJ 
lllO3 16. 57 3. \4 0.25 21.67 0.00 18.19 lL203 18.19 4.16 0.06 30. 28 1.51 16.36 Al20J 16.36 1. 50 0.25 26.37 1.51 16.01 
rro 11 .29 5.98 3U5 0.17 46. 37 10 .20 rro 10.28 7.62 14.86 8.48 68.50 9.89 FEO 9.8'i 21.16 31. 65 0.28 68.50 6.12 
100 0.17 0.19 0.88 Uti l.45 0.18 lIIIO 6.18 0.10 0.19 0.00 e. 75 0.15 IIlIl 0.15 1.12 O.BB 0.00 0.75 0.14 
!!GO 5.45 !5.44 29. 88 0.91 U. 3.61 IIGO 3.61 14 .58 45.37 ' .11 2.57 2.59 1160 2.59 7.33 2'1. 98 D.Cl 2.57 1.38 
C10 8.98 22.59 0.39 5.11 0.72 9.47 Cl0 9.47 22.49 0. 23 14.10 0.05 6.l8 CAll 6.IB 17. 38 0.39 7.81 0.05 1.87 
mo 3. 53 0.33 8. 04 8.4& 0. 00 3. 73 1120 3.13 0.44 0. 00 4.18 0.11 4.77 MA20 4.77 1.05 O.~ •• 46 D.ll 4.92 
no 1.26 0.01 0.10 0.8. Q.OO 1.19 m \.19 0.00 0.81 0.15 0.00 2.48 K20 2.4B 0.27 0.10 1.10 0.00 J.67 
' 205 0.5' 0.00 e .•• 0.00 o. De 0. 57 P205 0.57 0.&0 Ut 1.00 0.00 0.8\ P20S 0.81 0.00 0. 00 0.00 0.00 0.60 
(millT -IJUlliis-D100llTEilI (PlROO -IJREillS-D1UGllTERI I PAI!EIT -" I NERAL S=DAIJijHTER J 
PAWlT: 4381 PUIIT: 582. PAR£IjT: 5824 
DIUGIITEi: 5826 DIUGllTEi: 5824 DAII6HTER: 5822 
SOL'M l CIJIlJUTE SOL' I 'CUWUUTE SIll ' N 1 CUIU.JI IE 
---- -----------
----------------- - --------------
43B\ l.0&0 5826 1.000 5824 1.000 
CPU -0.031 2&.842 CPU -0.084 19 .7OB CPI. 4 -lI. I04 21.849 
91.3 -u.s 42.9.0 9U -0 .016 3.813 01 .3 -O.OJO b,350 
Pl.l -0 . 0~8 31.914 PU -6. 276 64,429 PI . ' -0.289 60.925 
11.2 -0.006 40284 11.1 -ll . 052 12.050 11.1 -0.052 10.876 
5826 0.849 $824 un 5822 0.525 
R SQUIRIlI - 0.093 i s~mt · 0.453 R 5aIJAREI = 1.516 
PlIII1!T DM!6HTEI DlUGHTER 1lE16HTEIl PlREIT DIUGHTER DlOOllTER WEIGHTED PAR£~I DAU6IIIER DAU6lfTER WEI6HIE~ 
lIlLrSIS MIlLTSIS C1LC I!ESID UlUSIS lIlLYS I5 ClLC RPSID NIAlYSIS ~YSIS CAlC RESID 
SI02 49.52 50 .• ' 50. 13 -0.04 5102 50 . 09 54.71 54 .84 -0. D. 5102 54.78 62. 26 62.11 0. 14 
TlOl 2.74 2.78 2. H -e.'! Tl02 2.78 1.98 2. 16 -t.18 1102 1.98 1.01 O. '18 0.05 
m03 16.57 18.n 18.11 0.08 11203 18.19 16.36 16. 36 -0 .00 Al20J 16.36 16.01 lUI -0.10 Fro 11.28 IUD 10.19 Ul Fro 1D.2t 9.89 U2 0.07 FED 9.8'i 6.1 2 6.ll -0.01 
J4I!O 0. 17 0.18 8.11 0.&7 l1li0 0.18 US 0.23 -0.08 lIIIO 0. 15 0.14 -lI.OS 0.19 
"SO 5.45 3.61 3.57 0.64 RGO 3.&1 2.59 2.5. 0.03 11&0 2.59 1.38 1.54 -0.16 
CIO 8.98 9.47 9. 42 0.05 C10 9.47 6.18 6.09 0.10 CAD b.18 J.B7 4.11 -0.2b Rl2Q 3.53 3.73 3.67 0.06 mo 3.73 4.n 4.41 0.37 MA2D 1. 77 4,92 5.41 -0. 49 (20 1.26 1.19 1.43 -0.24 (20 1.19 2. 48 2.00 0.48 (20 2. 48 1.67 4.12 -0.45 
P205 0.59 0. 57 0.69 -0.13 P205 t.57 0.8\ 0.99 -o.J6 P205 O.BI 0.60 I.SS -0.95 
, 
Mcdel - 1: Main ~e ~ rich hawaiite to low-~ (evolv 
hawaiite. 
Medel - 2 : Main phase evolved hawaiite to mugearite 




clearly this would be significantly reduced if apatite were 
included in the model (see table 4.1 model -3). 
Generally all main phase models have sum of squares of residuals less that 
1.52 and give petrographically acceptable results. Therefore, the following 
conclusions are particularly important regarding magmatic differentiation by 
modelling crystal fractionation:- (i) The major element modelling demonstrates 
the importance of olivine, clinopyroxene and plagioclase crystalliza tion in the 
fractionation of the Lyttelton magmas. (ii) The calculated proportions of 
mineral phases involved are in good agreement with petographic observations 
(chapter, 3). Thus, the likely petrogenetic process which accounts for the 
range of compositions in the main phase Lyttelton rocks is crystal 
f ractional ioll. 
(b) Least squares models of cr)lstal fractionation for late phase rocks (Mt 
Pleasant Formation):-
Model - 1 
Model - 2 
Relates a late phase hawaiite (M36B4021) to mugearite 
(N36B2164B). This model has the sum of squares of 
residuals of 0.70 (Table 4.2), and indicates plagioclase, 
clinopyroxene and olivine f ractiona tion in the production of 
the mugearite. 
Assesses the relationship of the late phase mugearite 
(M36B2164B) to a low-silica trachyte dike (M36B53). This 
low-silica trachyte dike was chosen due to the absence of a 
suitable low-silica trachyte flow within the Late 
phase volcanics. The model gave a sum of squares of 
residuals of 2.28. 
Model - 3'- Demonstrates the relationship of the low-silica trachyte 
dike (M36B53) to a silica-rich trachyte lava flow (M36B4003). 
The sum of squares of residuals for this model is 1.88. 
Generally most of the Late phase volcanics have sums of squares of residuals 
less than 2, except model 2. The highest residuals in model-2 are for the 
alkalies and P205' The inclusion of apatite in the modelling would certainly 
reduce the R value. Alka li loss or migra t ion may be respo nsibl e f or th e 
relatively poor fit. 
Mcxiel - 1 
Table 4 . 2 Resul ts of least squares lOCldels of cryst..al fractionation for late 
phase Lyttelton rocks . 
~el - 2 
~EI6IITEi IIPUT DATA: IlEISHTED INPUT DttTA: 
Mode 1-3 
IlEISHTED IIf'IlT DttTA: 
PAi1£MT CPU 0 I. 2 PI.3 11.1 DAllSHTER PAi1£MT CfI.4 01.4 P1 . 4 11.1 DAU6IHER 
5102 SO.~2 SO.1 3 31.18 54.07 0. 10 54.97 5I02 5U7 47.00 34 . 43 57.95 0.10 bl.71 PAREMT CPI.4 Pl.4 11.2 DAU6IHER 
TlD2 2.71> 1. 09 0. 04 0. 11 21>. 40 1.1>4 1102 !.b4 1.19 0. 43 0.00 21>.40 1.15 SID2 61.71 47. 00 57 . 95 0.51 b7.19 
AL2D3 lUI 2.91 0.06 28.20 1.51 18.39 AL2Dl 18.39 3.50 o.n 26.37 1.51 18. 28 TlD2 1.15 1. 19 0. 00 5O.4B 0. 49 
fED 11.93 9. 93 28. £2 6.54 68. SO 8.21 FED 8.21 21.16 42.10 0.28 68 . SO 4. 11 Al203 1B.28 3.50 2b.37 0.00 17.04 
lIIIO 0.22 0.46 0.48 0.00 0. 75 0. 15 IIIIIl 0.15 1.12 0. 69 0.00 0.75 0.08 FED 4. 11 21.lb 0.28 46.37 l . 70 
IIEO l . 40 12. l2 3l.16 0.03 2. 57 2.22 1160 2.22 7.l3 20.55 0.03 2.S7 0.77 lUll) 0.08 1.12 0.00 1.45 0.03 
CAll 7. 77 22. 35 0.23 11.85 0. 05 5. 45 CAO 5. 45 17.38 0.82 7.81 0.05 4.04 K60 0.77 7. 33 0.03 0.46 0.11 
MAlO 4. 49 0. 79 0.02 4.91 0.11 5.71 MAlO 5.71 1.05 0.00 6. 46 0.11 5.68 CAll 4.04 17.3B 7.BI 0.72 1.69 
K2D 1.68 0.00 0.00 0.29 0. 00 2.69 K20 2.69 0.27 0.00 1.10 0.00 3. 85 Mr.211 S.bB 1.05 6. 46 0. 00 5.25 
P205 0. 90 0.00 0.00 0.00 0.00 0.57 P205 0.57 0.00 0.00 0.00 0.00 0.32 no 3.85 0.27 1. 10 0.00 4.37 
P2DS 0.32 0. 00 0. 00 0.00 0. 12 
I PARENT -IIIHERALS=DAU&H TERJ IPARENT -ft J IlERALS=DAIJ61HERJ 
IPAREIT -ft I *tRIIlS=DAU5IITER I 
PIIREMT: 4021 PAR£IjT: 21m 
DAU6!lTER: 21b48 DAIl6HTER: 53 PAREMT: 53 
DAIl6IHER: 4003 
SDl' M 1 CUIIllA TE SOL'N 1 CurtULATE 
---------------- ----------------- SOl'M 1 CUtIUlATE 
4021 1. 000 2164B 1.000 - - ---------------
CPU -0. 120 40. 462 CPl. ' -o.Oll 7. 425 53 1.000 
01.2 -0 .008 2.831 01.4 -0.063 Il.BIl7 CPI . 4 -O .~5 14.314 
PI. 3 -0.103 34.491 P1.4 -0.317 70.178 PI.4 -o .2~ BO .99b 
11.1 -0. 006 22 . 216 11.1 -0.038 8.510 11.2 -0.015 4.630 
2 1~B 0. 702 53 0.549 4003 0.680 
R SllUARED = 0.702 R SiJllAAED = 2.276 R SijIJAA£8 = 1.876 
PARENT DttU&HTER l)AIJSHTER 1lE16HTED PAron DI\lJ6HTER MUSHTER MEI6HTED PARm DAOOlTER DAUOHTER IIfIGHTED 
ANALYSI S ANALYSIS CAlC RES ID AllAl.yslS ANAlYSIS CALC RESID AIIAlYSIS ~YSIS ~c REslD 
5102 50.62 ~.97 54.97 -0.00 8102 54.97 61 .71 61. 48 0.23 SI02 61.71 67 .1 9 67. 02 0.17 
TI02 2.76 t.b4 1.23 0. 41 TI02 1.04 1.15 1.07 0.07 1102 1.15 0.49 0.55 -0.0;, 
Al203 16.31 IB. 39 18.41 -0.02 1Il203 18.39 IB .2B 18. 39 -0.11 Al203 18.28 17.04 17.13 -0.09 
FED 11 .93 8.21 8.l7 -0. 16 FED B.21 4. " 4.13 -0.01 FED 4. 11 l .70 l.6l 0.07 
"NO 0.22 0.15 0.16 -0 . 01 ~ 0.15 0.06 0.08 -0.00 ItlJO O.OB 0.03 0.01 0.02 
1160 3.40 2.22 2.08 0. 14 It60 2.22 0.77 1.12 -0.35 1160 0.77 0.11 D.65 -0.53 
COO 7.77 5.45 5.47 -0.03 CAD 5.45 4.04 4.42 -0. :18 CAD 4.04 1. 69 1.94 -0.25 
1A20 4. 49 5.71 5.52 0. 19 !IA2D 5.71 S.bS 6. 77 -1.0'/ N1120 5.68 5.25 5.9b -0. 72 
no !.bB 2.69 US 0.l4 no 2.69 3.85 4.32 -0.48 K20 3.B5 4. 37 5.n -0.92 
P2tl5 0.80 0. 57 1.1 4 -0.58 P205 0.57 0.32 1.05 -0.73 P205 0.l2 0.12 0. 48 -o . l6 
K:xiel-l Late ~ hawaii t e to IWgearite. 
lbiel-2 Late phase mugeari te to low-silica trachyte. 




(c) Summary and conclusion 
Least Squares modelling of crystal fractionation successfully accounts for the 
chemica l variations in both the main and late phases of Lyttelt on vo lcanics. 
\ i 
The main phase models give better results (lower R values) than the late 
phase models (Mt Pleasant Formation). Mass balance calculations for some 
models gave relatively higher R values particularly for the intermediate and 
felsic rocks of late phase models. This is probably caused by one of the 
following reasons: (a) The mineral analyses used are not from Lyttelton 
rocks, all mineral microprobe analyses were obtained from other sources 
(Sewell, 1985 and Dear et al. 1966), because no mineral data on Lyttelton 
rocks were available. (b) The effect of weathering and alteration in rocks 
can also affect the modelling. (c) Largest errors are observed mostly for 
alkalis, (Tables 4.1, 4.2), and this may be due to losses in alkalis. (d) 
Apatite is not included in the models. Nevertheless, most models of both 
phases suggest crystal fractionation of the observed phenocryst phases and are 
petrographicall y accepta ble. In conelusion the major petrogenetic process, 
that produced the range of mafic to felsic compositions of the late an d main 
phase volcanics is crystal fractionation rather than crustal contamination or 
crustal fusion (see later discussion). 
4.7.4 Tectonic implications 
Discrimination diagrams based upon incompatible and geochemically immobile 
elements have been used to determine the tectonomagmatic environment of 
basaltic rocks. 2r. Ti. Y and Nb contents in mafic rocks from different 
tectonic setting have been used to construct ternary plots (Figs. 4.11 a, 4.11 b) 
in which tectonic environments can be identified. LytteIton basic rocks are 
classified using one of the Zr - Til lOa - 3"'Y ternary plot (Fig. 4.lla) 
developed by Pearce and Cann (J 973) and the new discrimination diagram, 
the 2r/4 - 2 Nb - Y ternary plot (Fig. 4.llb) of Meschede (1986). 
Pearce and Cann (J 973) tectonic discrimination diagram (Fig. 4.11 a) assigns 
Lyttelton mafic rocks to the field of within plate magma type (i,e Ocean 
Island or continental basalt). Bu t this classification does not discriminate 
between Oceanic Island or co"htinental basalt type. According to the 
Meschede (1986) classification scheme, the mafic Lyttelton volcanics are 
.... 
8 : o"n 
A,B = LKT 
C,B= CAli 
D = wr1l 
Ti /100 
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key 10 magma IYlle and fields:-
LKT ~ Low-pol.sium Iholeiiles 
in fields A and n 
0"11 Ocean-rloor has.11 
in field n 
CAn Calc-alkali hasalt 
in fields C and n 
lYrA Wilhin-plale hasall 
i.e ocean island or contiuenlal 
basall plol in field D 
Fig. 4.lla Teelollic discrimillatioll dill grnm IISillli Ti, Zr alld Y for Lyllelloll 
basic rocks. Afler Pearce allli COIIIl, 1973 . 
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Fig. 4. ll b Teelollic discrimillatioll diagrnlll ",·illg Nb. Z r alld Y for L),lIdiOIl 
basic rucks. Afler Meschede, 1986. 
I \ 
89 
within plate alkali basalt (Fig . 4.11 b). Both methods are effective ]n 
determining the tectonic setting of Lyttelton basic rocks. 
In cOllclusion , the Meschede (1986) classification is a better discriminator for 
Lyttelton rocks than the Pearce and Cann (1973) diagram, and the basic 
Lyttelton rocks are of wi/hill plate cOl1tillental alkali basalts affinity. 
4.8 DISCUSSION 
4.8.1 General 
The discussion below summarizes isotope geochemistry which supports 
conclusions made in earlier sections of this chapter and compares Lyttelton 
rocks with other Banks Peninsula rocks. The last part of this section is 
summary and conclusion of the Lyttelton volcanics. 
4.8.2 Is otope Geochemistry 
All Banks Peninsula rocks have ini tial 87 Sr / Sr86 Sr values grea ter than 
0.7029 (Weaver et al in press. and Fig. 3.13). The mafic rocks of Lyttelton 
volcano have similar isotopic ratios (0.7029-0.7032) to Diamond Harbour and 
Mt Herbert rocks (range up to 0. 7038). Felsic rocks (trach yte) of Lytteiton 
volcano have higher average 87Sr/86Sr ratios (up to 0.7 052) compared with 
intermediate and mafic rocks (initial 87Sr/8 6 Sr value less then 0.7032). This 
suggests most mafic rocks are mantle-derived magmas which have not been 
con tamina ted signif ican tly by con tinen ta I crust. The higher initial 87 Sr /86S r 
values in felsic rocks reflects the susceptibility of low-Sr magmas to 
upper-crustal can tamina tion (Weaver et a1. in press.). 
As discussed in earlier sections (see section 4.2.2) the rela tionship between the 
subalkaline Governors Bay volcanics and transitional Lyttelton mafic rock is 
still uncertain. Weaver et a1. in press. suggest that the transitional Lytteiton 
mafic magmas become contaminated on their way through continental crust. 
Lyttelton felsic rocks are derived by crystal fractionation from their 
intermediate and mafic members based on XRF chemical data, but the 
isotopic data suggest significant crustal conlamination in the genesis of the 
f elsic Lyttelton rocks. As sho wn on Fi gu re 4.13 th e f elsic rocks of Lyttelton 
rocks ex tend outside th e mant le ar ray a nd thi s indicates interaction with 
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Fig. 4.12 Histcqraoo of initial B7 Sr/66 Sr values far Banks Peninsula. 
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Combined assimilation fractional crystallisation (AFC) 1S the more 
acceptable petrogenetic process for all mafic to f elsi c suites (Fi g. 4.13). The 
~ ND - 87Sr /86S r covariation (Fig. 4.13) demonstrates that all felsic rocks 
(Lyttelton and Akaroa trachytes and Governors Bay rhyolites) trend away 
from the mantle fan in a direction consistent with crustal contamination. 
The basic rocks in figure 4.13 have positive E., ND values and initial 
87S r /86S r values less than that of bulk earth. This indicates a mantle source 
I I 
that has time-integrated depletion in large 
light REE (Weaver et al. in press.). 
Ion - Lithophile elements and 
As shown on Figure 4.14 mafic volcanic rocks in New Zealand have time 
-integrated light-REE depleted and low Rb/Sr mantle source characteristics. 
The light-REE enriched composition of mafic magmas and their depleted 
isotopic data correspond to mantle source region that h as undergone rela tively 
recent episodes of metasomatism and incompatible - element enrichment 
(Weaver et al. in press.). Furthermore differences in isotopic composition as 
sh own in Fig. 4.14 are evidence for some mantle heterogeneity benea th the 
New Zealand region (Weaver et al. in press.). 
4.8.3 Comparison of Lytteiton lavas with other Banks Peninsula lavas 
The main lineage of Lyttelton rocks is a sodic series from alkali and 
transitional basalt to high silica trachyte lava flows. The presence of high 
silica trachytes (part of the late phase) is one of the features which 
distinguishes the Lyttelton suite from the Akaroa suite. These silica rich (66 
Wt. %) trachyte flows have higher silica than the dikes. However, the 
majority of mafic and intermediate Lytteiton rocks are chemically and 
mineralogically similar to Akaroa . Both are different from Diamond 
Harbour rocks, which consist mainly of basanites and represent the youngest 
rocks on Banks Peninsula (Weaver et al. in press.). 
The Lyttelton Volcanics Group is chemically distinguished from other 
volcanic groups in Banks Peninsula (Akaroa and Mt Herbert) in having (i) a 
high range in abundance of Si02 (46-66 wt. %) and (ii) high abundances of 
incompatible trace element in fdsic rocks. These characteristi cs indicate that 
the Lyttelton Volcanic Group is more strongly differentiated than the other 
\ ' 
92 
groups on Banks Peninsula. (iii) LytteIton mafic rocks are transitional in 
geochemical affinity and they straddle alkaline and transitional tholeiite rock 
composi tions. 
4.8.4 Summary and conclusion 
The LytteIton rocks are alkaline and subalkaline compositions and transitional 
in geochemical affinity. Most mafic Lytteiton rocks are alkaline rocks of a 
sodic series and members of the alkali olivine basalt - hawaiite - mugearite 
-benmoreite - trachyte association and this designation is consistent with 
mineralogy. For example, petrographically, the main and late phase volcanics 
contain clinopyroxene (titaniferous clinopyroxene) and olivine phenocrysts. In 
addition, Lyttelton rocks show no trend of Fe - enrichment, characteristic of 
true tholeiitic suites. Some Lyttelton intermediate and felsic rocks are 
related to a subalkaline potassic series (for example, trachyandesite, dacite 
compositions of the Governors Bay series) and they cou ld be called dacite, 
but they are classified as trachyte in this study. The reason for this is their 
mineralogy such as the presence of clinopyroxene and abundance of olivine, 
and absence of orthopyroxne and pigeonite. 
Lyttelton volcanics are characterized by mafic to felsic lavas and sub 
volcanic intrusions of mildly under saturated to transitional compositions. 
Hawaiite lava flows predominate in the main and late phase LytteIton la,ia 
successions. Benmoreite is the second most abundant rock type in main 
phase lava flows but high silica trachyte lava flow are second in abundance 
in the late phase volcanics after hawaiite. Mugearite lava compositions are 
the least abundant in both phases. 
The predominance of hawaiite in both phases suggests fractionation of more 
primitive mantle-derived basaltic magma during the rise through continental 
crust and within the crustal magma chamber. In addition, the absence of 
mantle derived xenoliths f rom the Banks Peninsula vo lcanoes and their 
restriction to small monogenetic vents of strongly alkaline composition 
(Weaver et al. in press.) are supportive evidence for the above conclusion. 
The distinguishing features between the main and late phase Lyttelton 
volcanics on the basis of geochemistry are:- (i) Most late phase (Mt Pleasant 
Formation) rocks have lower Rb:Zr ratios and slightly higher Nb:Zr ratios. 
\ \ 
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(ii) Late phase volcanics (Mt Pleasant Formation) have slightly higher K20:Zr 
ratios than the main phase. (iii) The less evolved late phase volcanics have 
higher Zr:Si02 ratios than the main phase. (iv) The late phase volcanics 
have slight ly lower CaO:S i0 2 ratios and h igher K 2 0:Si02. rat ios . T he 
di st ingui shing featur es in terms of normative mineralogy between the main 
and late phase Lyttelton volcanoes are: - (i) the main phase mafic rocks are 
mostly quartz and hypersthene normative and rarely olivine normative, but 
the late phase (Mt Pleasant Formation) mafic lava flows a r e weakly 
nepheline and olivine normative. (ii) The intermediate and felsic rocks of the 
main LytteIton phase are hypersthene and quartz normative, but the late 
phase intermediate rocks are olivine normative. There are no nepheline 
normative trachyte and benmoreite lava flows in either phase however, 
intrusions such as Castle Rock trachyte are nepheline normative. Felsic lava 
flows and intrusive (dike and sills) are quartz or hypersthene normative. 
Some mafic dikes are olivine normative. 
The geochemi stry of the la te and main ph ase mafic to intermediate rocks are 
successfully r eproduced by of crystal fractiona ti on modelling (see section 
4.7.3.3) and confirm tha t the ma in petrogen etic process in th e ev ol ution of 
LytteIton rocks is fractiollation of the observed phenocryst phases. The 
isotopic and trace element compositions of Ly ttelton mafic rocks suggest that 
crustal contamination has been minimal. 
Chemica l variat ion in the intermed iate and fe lsic rocks again suggests that 
the main petrogenetic process is crystal fractionation. However, the fact 
that felsic and intermediate rocks have slightly higher initial 87Sr; 86S r 
values (Weaver et. al in press.) suggests that a limited amount of crustal 
contamination is involved and that combined assimilation-crystal-fractionation 
models are the most realistic. 
Mafic volcanic rocks of the North - Eastern sector of Lyttelton volcano are 
"within plate" alka li basalt , judged by tra ce-element d iscr iminat ion diagrams. 
This is consisten t wi th posi tion of Ba nks Peninsula si tua ted on continenta l 
crust at the western end of the Chatham Rise and distant from geologically 




GEOLOGICAL HISTORY AND CONCLUSIONS 
In this chapter the geologic history of the Lyttelton volcano is summarized 
and the results of this study are presented as a number of conclusions. 
5.1 VOLCANIC AND GEOLOGICAL HISTORY 
Lyttelton volcano is constructed on basement rock, consisting of Triassic 
sandtones, mudstones and cherts (Torlesse Group), Cretaceous Volcanics 
(McQueens andesite and rhyolite), early to middle Tertiary sandstones 
(Charteris Bay sandstone) and middle Miocene Governors Bay Volcanics (see 
section 1.7.1) 
The Lyttelton volcano was active between 11-10 Ma (Stipp and McDougg'~dt 
; /" 
1968). Over a period of about 2 million years, Lyttelton lavas built up the 
symmetrical cone which probably reached a height of about 1500 metres a.s.1. 
Then the Lyttelton cone was deeply dissected by erosion. The lava cone was 
breached by erosion along radial stream channels in the three places. Gebbies 
Pass where basement is exposed, Mt Herbert-Mt Bradley sector which is now 
filled by Mt Herbert Group lavas, and along the line of the Present 
Lyttelton Harbour. Erosion exposed lava necks and intrusives (dike and sills) 
down to the present height which is approximately 500 metres a.s.1. It is 
known that volcanoes may go through a number of geomorphological stages 
during the course of erosion and weathering:- These are, (i) gullied stage, (ii) 
residual stage (volcano dissected by large valleys) and (iii) . skeletal stage 
(many intrusives bodies exposed as a result of deep erosion). Thus at 
present, the morphology and surface expression of the Lyttelton volcano is 
approaching the "skeleton stage". 
The Lyttelton volcano is largely made up of the products of Hawaiian style 
activity (i.e represented by mafic flows erupted in the aa condition), with ! 
some Vulcanian style acti vi ty tha t is represen ted by felsic lava flows. In 
addi tion, Strombolian style acti v i ty, prod uced the lithic-crystal tuffs a t local 
ce ntres . Within the Lytteiton volcanic group two stratigraphically and 
petrologically distinct phases of volcanism are recognized. There is an 
, 
angular discordance between these phases and this is the main reason for 
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division of the volcanics into two distinct phases, and here designated as the 
main and late phase (Mt Pleasant Formation) volcanics. 
T he main phase rocks flow s are laterally persistent and may be correlate 
between d iff eren t locali ties however , there is some local va r ia tion in the 
stra tigra ph y. The la te phase "olea nics are not la terall y con ti n u ous largely as 
a result of erosion . Thus, although there are local variations in the 
stratigraphy of the different late phase lava sequences, there is sufficient 
justification to group them into single lithostratigraphic unit distinct from 
the main phase Lyttelton lava flows and here designated the Mt Pleasant 
Forma/ioll. The main phase Lyttelton volcanics consist of hawaiite, 
mugearite and benmoreite lava flows . The late phase Lyttelton volcanics (Mt 
Pleasant Formation) comprises, hawaiite, mugearite, benmoreite and trachyte 
and including pyroclastic rocks (lithic-crystal tuffs). 
The main phase Lyttelton activity started with the extrusion of maf ic lavas 
of basalt-hawaiite composition. Following this, crystal fractionation within 
the magma chamber produced the more evolved intermediate rocks 
(mugearite). The magma evolved further by crysta l fractionation and felsic 
rocks benmoreite were produced. It is thought the magma was extruded 
from an upper crustal reservoir in which mqst of the crystal fractionation 
occurred. 
The late phase (Mt Pleasant Formation) volcanism probably started after 
erosion and lahar deposition and Strombolian eruptions from local centres. 
The magma which produced the maiD phase benmoreite, probably evolved 
further and eventually the chamber emptied by the extrusion of the late 
phase high-silica trachyte flow . La ter, the magma chamber was replenished 
from the upper mantle and the next period of activity started with the 
eru ption of hawaiite, followed by mugearite and benmoreite flows. The late 
phase activity terminated by extruding hawaiite lava flows. 
Both phases represent successive eruptions and they ran ge from mafic to 
felsic composition. The late phase (Mt Pleasant Formation) covers the same 
compositional range and is characterized by high silica trachyte. A change 
in lithology from dominantly mafic to felsic rocks m a y indicate a period of 
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During and after the construction of the Lyttelton volcanic cone, basalt to 
trachyte radial dikes and trachyte sills were emplaced. 
5.2 PETROGENESIS 
The Lyttelton volcanics were probably derived from partial melting of a 
mantle source, which produced an alkaline basaltic m::gma. This magma rose 
into the upper crust beneath Lyttelton volcano where it underwent 
differentiation. Subsequent fractionation of the magma was dominated by 
low pressure crystal fractionation of olivine, clinopyroxene, plagioclase and 
some Ti-magnetite in upper crustal reservoir. 
Generally, major element compositions reflect shallow crustal evolution by 
fractional crystallization form the basalt-trachyte suite (see chapter 4). There 
is isotopic evidence of minor but measurable crustal contamination in felsic 
Lyttelton rocks. The petrogenetic scheme described above is summarized in 
Figure 5.1 
The predominance of hawaiite in the Lyttelton volcano suggests fractionation 
of more primitive basaltic magma during its rise through continental crust. 
5.3 RECOMMENDATIONS FOR FURTHER WORK. 
This study provides a geological map of the area at a 1:10,000 scale and on 
this basis further work can be initiated in adjacent sector of the Lyttelton 
volcano. At present the absolute age differences between of the main and 
la te phase volcanics are not known and geochronological da ta to establish 
a bsol u te ages and to conform the stra tigraphic grou pin gs proposed here . 
Isotopic and REE data together with mineral analyses are necessary in any 
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[A] MAPS AND AERIAL PHOTOGRAPHS 
Mapping was carried out using 
photographs at a scale of 1:10,000. 
study area include:-
105 
enlarged topographic maps and aerial 
Published topographic maps of the 
1:50,000 NZMS 270 (sheet M36B and N36A). 
1:25,000 NZMS 270 (sheet M36B). 
Compilation of the base map was from the 1:10,000 field sheets, M36B6, 
M36B12 and N36AI0 . Aerial photographs used during field work are: Run 
SN2634: M/46-38, N/41-38, 0/14-8, P/6-1, Q/5-1, R/3-1. 
[B] MAPPING AND SAMPLING 
Mapping was carried out during the winter and spring of 1987. The area was 
mapped and sampled by dividing it into four blocks (Fig . l). Block A 
consists of volcanics exposed around the Tors area, block B includes the 
Mt Cavendish area, Block C comprises the largest portion of the field area 
and occupies an area around Mt.P easant, and Block D includes a number of 
scattered localities (Sumner, Taylors Mistake and the area east of 
Lyttelton Harbour). 
Sampling of individual lava flows, intrusive and pyroclastic rocks was 
designed to recover the freshest possible specimens . Sampling 'was done at 
regular stratigraphic intervals. About 300 samples were collected for 
petrographic and chemical analysis . 200 samples were selected for thin 
section study, 75 for X-Ray fluorescence analysis. An Additional 29 thin 
sections and 15 X-Ray Fluorescence data were studied around The Tors and 
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SAMPLE LOCATIONS AND FIELD DESCRIPTIONS 
This appendix contains the general information concerning the rock 
samples used in this thesis and the description of samples based on field 
observations. 
Sample numbers are ordered numerically and are prefixed by 1:50,000 New 
Zealand Map Series (NZMS) 260 reference code for Banks Peninsula. The 
mapped area is on sheets M36B and N36A. 
e.g sample number M36B2255 
M36B Reference code (sheet) 
B Quadrant 
2255 Sample number 
Grid references are prefixed by the same code (M36 or N36). 
Sample numbers between 2000-2999 refer to the Tors area (Block A) , 
3000 -3 999 refer to Mt Cavendish area (Block B), 4000-4999 refer to the Mt 
Pleasant area (Block C) and 5000-5999 refer to scattered loc aliti es 
(Block D and Fig.I) . 
Table II-A listing type of analyses preformed on each sample , field 
descriptions and locations of sample. 
Abbreviations used for tab7e II-A:-
HTB Heterolithic tuff breccia 
INT Intrusion 
LP Lava pl ug (neck) 
TS Thin section 
XRF X-Ray Fluorescence 
MP Microprobe ana lyses 
+ Data from S D Weaver 
S D Weaver sample number 
Numbers 1=Samp7e, 2=Ro ck type, 3=Ana7ys i s , 4=exposure / Fj e7d 
description, 5=Loca 7ity , 6=Grid reference 
APPEND EX II A 
TABLE OF SAMPLE LOCATI ON AND FJ elD DESCRIPTI ON S 
SAMPLE TYPE ANALYSIS EXPOSURE/DESCR I PT I ON LOCALITY GRID REFERENCE 
.3652046A I NT TS 25 " TH I CK , CO LUMN AR JOI ~TEO, GREY GREEN, FRESH, CASTLE ROCK M36/85635' 
( .36860 ) INT TS , XRF'" FI NE-GRAI NED , PLAGIOClASE-PHYR1C TRACHYTE 
M36520468 I NT TS , AS FOR M3682046A CASTlE ROCK M36/856354 
(H36562b) 
(M36524 ) I NT TS, XRF ... SAMPLE FR OM l OP RI DGE CASTLE ROC K M36/856354 
" 3682047 DIKE TS 1.00 MUl DE , PLAGIOCL ASE-PHYR l e LAVA THE TORS M36/856353 










































XR F ... 
DARK GREY , MODERATELY UEATHEREO, FINE-GRAINED, 
PLAGIOCLASE - PH YRIC BASALT 
1 M TH(CK, YELLOU-8ROUN, STRUCTURELESS, CLAST-




TS DARK RED BR O\JN, \.lEATHERED, VESICULAR, MEDIUM- THE TOR S 
GRAINED, PLAGIOCLASE - PHYR.IC BASALT 
TS 8 MUlDE , DARK GREEN-GREY, UEATHERED, VESICULAR, THE TORS 
TS, XRf ... MEOIUH-GRAIIlEO , PLAGI eCLASE-pYROXE~E-PHYRJC BASALT 
TS 2 M UJOE, DARK GREEJ.J- GREY, IJEATHEREO, FINE- THE TORS 
GRAINED, VES·ICULATED , PlAG)OCLASe-PHYRIC BASAL T 
TS DARK, FRE SH, MEDIUM-GRAINED, PLAGIOCLASE 8R IDLE PATH 
PYROXENE- OLI VINE-PHYRI C 8ASALT TRACK 




PYROXENE-OLIVINE- PHYR IC 8ASALT TRACK 
DARK, FR ES H, FINE-GRA IJ.JED, PLAGIOCLASE-PHYRIC 
8ASALT 
1 M UIOE , GRE Y GRE EN, UEATHERED, MEDIUM- GRAI NED, 
PLAGIOCL ASE- PYROXENE -ell VI NE PHYR I C BASALT 
, M 1,,110£, GRE Y GREEN, FINE-GRAINED , PLAGIOCLASE 






THE TOR S 
3 M THICK, OR ANGE Y EL LOO-8ROU~ REO, STRUCTURElESS EAST OF 
(UNBEODED) MATR I X SUPPORTED BOULDER BRECCIA AND THE TORS 
CONGLOME RATE \JJTH COA RSE SAND AND 
PEBBLE SI ZE llTHICS 
TS 0 _50 MU lDE, DARK GREY \.lEATHERED, MEDIUM - GRAINED EAST OF 





AS FOR M3682052 
AS FOR M3682052 
UEATHERED, DARK:, MED IUM-GRAINED, VESICULAR , 
PLAGIOCLASE -PHYR I C BASAL T 





FLO'W TS DARK, FRE SH, MeD1UM- GRA I NED, PLAGIOCLASE-PHYRIC 
BASALT 
THE TORS 































M3682078 SI LL 
M36B2078B DIKe 




























M36621 D3A FLOU 









TS, XR F ... BASALT 
TS DARK, IJEATHERED, MEDIUM - GRAINED, PLAGIOCLASE-
PHYRIC BA.,SALT 
TS AS F~ M3682073 
lS 15 M TH I CK , GREY GREEN, IJEATHERED, FINE-GRAJJ.JED 





TS 5-8 M THICK, GREY GREEN, UE ATHE RED, MEDI UM · GRAIN ED THE TORS 
PLAG I DC LASE - PHYR I C TRACHYTE 
5 1'1 IJIDE, GREY-GREEtrl, I.IEATHEREO, MEDIUM-GRAINED, THE TORS 
TS , XR F • PLAG 10CLASE - PHYR I C TRACHYTE 
TS 2_50 MUlDE , GREY GREEN, UEATHERED , MEDIUM-GRAINED THE TORS 
TS, XRF ... PLAGJOCLASE-PYROXENE-PHYRJC BASALT 
TS DARK, FRESH, F I Nc - GRA I NED, PLAG I OC lASE -APHYR I C 
8ASAL T 
0_50 M OIDE, DARK GREY, MEDIUM-GRAINED, 
PLAGIOCLASE-PHYRJC BASALT 
TS GREY RED-8ROUN, VESICULAR, UEATHERED 
TS, XRF • COARSE-GRAINED, PLAGI OCLASE-PHYRle 8ASALT 
TS 
TS 
TS, XR F 
TS 
TS 
AS FOR M3682087 
DARK GREY, MODERA TEL Y OEATHERED, COLUMNAR TO 
IREGULAR JOltrlTED, PLAGJOCLASE - PHYRIC BASALT 
DARK REO ~ BROIJN, MOD ER ATElY IJEATHEREO , HED I UH-
GRAIJ.JED, PLAGJOCLASE~PHYRIC BASALT 
AS FOR M3682D91 
0.80 H VIDE, DARK GREY , MOD ERAT EL Y I.IEATHERED, 
MED I UH-GRA r NED, Pl AG IOClASE - PYROXENE -Ol I VI J.JE-






6RI DLE PATH 
TRACI( 













GRA 1 WED PLAG I OCl AS E-PYROXENE -Ol IVI NE- PHYR I C BASALT TRACK 
DARK GREY , MODERATELY \.lEATHERED, FINE-GRAINED, 
APHYR 1 C BASAL T . 
1.00 M THICK, 8ROON - YElLOU, STRUCTURELESS, 
UNSORTED, MOD ERATELY VElOED AND COMPACTED, 
HETEROL I TIC- TUF F- 8RECC IA 
DARK 8ROUN, MODERATELY UEATHEREO, FINE-MEDIUM 
GRAINED , PLAGIOCLASE-OLIVINE-PHYRIC BASALT 
AS. FOR 1'13682102 
AS FOR 1"03682091 
, MUlDE, GREY-GREEN, \.lEATHERED, PLAGIOCLASE-
PHYRle TRACHYTE 
DARK , FRESH, COLUMNAR TO TA8ULAR JOINTED, FINE-
GRA I J.JED, PlAGIOClASE - PHYRIC BASA LT 
AS FOR M3682105A 
AS FOR M36S2061 
AS FOR 113682104 
AS FOR M3682082 






THE TOR S 
THE TORS 
THE TOR S 
EAST OF 
THE TOR S 
EAST OF 
THE TORS 








































































JOIWTEO VESICULAR , HOO ERATELY OEATHERED, MEDIUH-
GRAINED PLAGIOClASE -P HY RIC BASALT 




3- 5 H UIDE, GRE Y GREEN, UE ATHERED, HEDIUH-GRAIWED, EAST OF 
PlAGIOClASE-PHY R. JC TRAC HYTE THE TORS 
AS FOR H3682060 
AS FOR "36B2118 
AS FOR M3682082 
3 M THICK, "ASS I VE, DARK , FRESH, MEDIUM-GRAINEO, 
PLAGIOCLASE -PYROXENE -OLI VI NE -PHYRI C BASALT 
0 _50 H UIOE , TRACHY TE DIKE 
1 H VIDE, DARK GREY - GREEN , MEDIUM-GRAINED, 
PLAGJ OCLASE -PHYR J C TRACHYTE 
AS FOR M3662149 









XRF ABOUT 12 M LONG,10 M OI DE DARK FRESH, FINE - GRA I NEO, THE TORS 







IS, XR F 
1. 50 HOlDE, DARK- GR EY , FINE-GRAINED APHYRIC 
TRACHYTE 
OARK YELLOII-REO, STRUCTURELESS, MATRIX-SUPPORTED 
TO CLAST-SUPPORTED UlT H COARSE SANDS 




DARK, GREY, MOO ERATELY \.lEATHERED, MEDIUM GRAINED, THE TORS 
PLAGIOCLASE-PHYRIC 8ASALT 
5 H THICK, HOOERATElY COLUHNAR TO TABULAR JOINTEO, THE TORS 
OARK, FRESH, HEOIUH- GRA I WED, PLAG I OCLASE- OLIVINE 
PHYR I C 6ASAL T 
AS FOR H3682155 THE TORS 
AS FOR "36821 56 THE TORS 
DARK BROIJN-REO , VE SICULAR, MODERATELY UEATHERED, THE TORS 
MEDIUM-GRAINED, PLAGI OC LASE-PHYRIC: BASALT 
AS fOR H36821 56A THE TORS 
3 H THICK, 14DO ERA TElY TABULAR TO COLUMNAR JOINTED, THe TORS 
OARK , FRESH , HEOIUH-GRAINEO, PLAGIOCLASE PHYRIC 
BASAL T 
TS , XR F 2 H THICK, HODERATElY TA8ULAR TO COLUMNAR JOINTEO, THE TORS 
DARI( GREY. FRE SH, MEDIUM - GRAINED, PLAGIOCLASE-
PHYRI 8ASALT ( AS FOR M3682162) 
TS, XRF 2-4 M TMICK, HODE RATElY COLUMWAR TO TA8ULAR THE TORS 
1S . XRF ... JOr NTEO, OAR", FRESH , MED lUH-GRAJ NED, PLAGIOCLASE -
PHYR I C BASAL T 
H36821648 FLOIJ IS, XRF 3 M THICK, HOO ERATELY COLUMNAR TO TABULAR JOINTED, THE TORS 
(H36848.) FlOO TS , XRF ' fRESH, OARK GREY , fI NE-GRAINED 8ASALT (AS FOR 
H3682060) 
H365Z16loC FlO\.l TS, XRF AS FOR M36B2071 THE TORS 
H3682165A FLOII TS AS FOR M3682164A THE TOR S 











































("3696 1.) DIKE 
H36831 45 DI I(E 
"3683174 DIKE 
H36B3179 OIKE 
H36831 80 DIKE 
H3683184 DI KE 
"36831 92 FLOII 
"3653 193 FLOU 
M3683195 FLOO 










FRESH, DARI( GREY, FI HE - GRAI NED, APHYR I C BASALT 
(AS FOR M3682069) 
AS FOR H3682071 
5 
THE TORS 
10 M THICK , HOOERATELY COLUHNAR TO TA8ULAR JOINTED, TME TORS 
DARK, FRESH, HEOIUM-GRAI WEO, PLAG I OCLASE-
PHYRIC 8ASALT (AS FOR H3682162) 
GREY DARK-SROVN, VESICULAR, MEDIUM-GRAINED, 
PLAGIOCLASE-PHYRIC 8ASALT 
MOOERATEL Y T A8ULAR TO KNOBBLY JOI WTEO, DARK 
YELLOO-8ROIIN , UEATHERED, HEDIUM-GRAINED, 
PlAGIOCLASE-PHYRIC BASALT 
3 H VIDE, GREY GREEN, UEATHERED, HEDIUM-GRAIWED, 
PLAGIOCLASE-PHYRIC TRACHYTE 
DARK REO-BROlIN, MOOERATEL Y. OEA THERED, HED IUH-
GRAINED, PlAGJOCLASE-PHYRIC BASALT 
1 M OJOE, GREY GREEN, "fATHERED, PLAGIOCLASE-
PHYR I C TRACHYTE 
AS FOR M3682659 
DARI( GREY-RED , \.lEATHERED. MEDIUM-GRAINED, 
PLAG 10CLASE -PHYR I C BASALT 
DARK GREY, UEATHEREO, FINE-MEDIUM GRABIEO, 
PlAG IOCLASE - PHYR I C BASALT 































TS DARK 8ROIIN, MODERATELY UEA1HEREO, MEO J UM- GRAI NED, L YTTELTON H369/ 865335 
PLAGI OCLASE-PHYR I C 8ASAL T HAR80UR 
7 M OIDE, GREY GREEN, UEATHfREO, PLAGIOCLASE- HT CAVENDISH "36/ 865349 
TS, XRF • PHYRIC TRACHYTE 
TS 
1 MUlDE, GREY GREEN, \.lEATHERED , PLAGIOCLASE-
PHYRIC TRACHYTE 
6 MUlDE, HOOERATELY OEATHEREO, GREY GREEN, 
HEOIUH-GRAINED, PlAGJOClASE-PHYRIC TRACHYTE 
2 H UIOE, GREY GREEN, HOOERATElY UEATHERED, 
MEDIUM-GRAIWED, PLAGIOCLASE-PHYRIC TRACHYTE 
AS FOR M3683145 
AS FOR M3683145 
1.50 H \.IIOE, HOOERATElY TABULAR JOINTED , FRESH, 
OARK, "EDIUM-GRAIWED, PLAGIOCLASE-PYROXENE-
OllVINE - PHYRJC BASALT 
AS FOR H3683192 
DARK, FRESH, MEOIUM-GRAINEO, PLAGI OCLASE-PHYRIC 
BASALT 
AS FOR M3682101 
2 M OIDE, GREY, MOOERATELY OEATHEREO , HEDIUM-
GRAI NED, PLAGIOCLASE - PHYR I C TRACHYTE 
--
MT CAVENDI SH H36/ 867349 
UEST OF M36 / 865348 
HT CAVEN'OJ SH 
UEST OF H36/ 866348 
HT CAVEWDISH 
OEST OF M36/ 867347 
WE ST OF H36 / 867346 
HT CAVENDISH 
OE ST OF "36/868347 
HT CAVENDISH 
OEST OF "T M36/ 868349 
CAVE NO I SH 
OEST Of MT 
CAVENDISH 




"EST OF H36/ 867350 





M3683201 TU FF 
M3683202 ' LOll 
M3683205 TUFF 
M3683208 DI KE 
M3683211 LAHAR 
M3683213 LAHAR 
M3683214E DI KE 
M3683215 DI KE 
M3683216 TU" 
M3683218 'LOll 





































REO CRYSTAL l UFF 
AS FOR M3683 195 
RED, IJEATHERED, CR YSTAL TUFF 
I. '" IoIIOE. GREY GR EE N, HODERATELY \.lEATHERED . 
PLAGIOCLASE - PH YR I C TRAC HYTE 
RED -BR~ YEl l Oll-8ROUH, STRUCTURElESS TO UEAKlY 
BEDOED, MATRI X- SUPPORTED TO CLAST-SUPPORTED, 
POlYMICT PE8 8LE 8RECCIA AND CONGLOMERATE 
AS fOR M3683211 
0_50 M "IDE , GREY GR EEN, MOOERATElY "EATHERED , 
MEDIUM-GRA IN ED , PLAG JOCLASE-PHYRIC TRACHYTE 
4 M "IOE, GR EY GR EEN _ MOOERATEl Y "EATMERED, 
MEDIUM-GRAII NEO, PLAGIOClASE-PHYRIC TRACHYTE 
AS fOR M3683205 
HOOERATELV KNOB BLY JOINTED, WEATHERED, OARI(, 
fRESH, MEDIUM-GRAINED, PlAGIOCLASE-PHYRIC BASALT 
GREY PINK, f RESH, COURSE-GRAINED PLAGIOCLASE 
PHYR I C BASALT 
AS fOR M3683215 
REO BRQI.IN -YE l lOIJ . UN SOR TED, STRUCTURElESS, 
CLAST - SUPPOR TED , POL YMI CT 80ULDER 8RECCI A AND 
CONGLOMERATE 
AS fOR H3683225 
AS FOR H3683229 
AS fOR ~,3683229 
MOOERATELY TA8ULAR JOINTED , OARK, fRESH, fINE-
GRAINED, PlA GI OC LASE- PHYRIC BASALT 
DARK GREY , UEAT HERED MEDIUH-GRAINED, 
PLAGIOCLASE- PHYR IC 8ASALT 
4 H I.HDE , GR EY GR EEN, YEATHEREO, MEDIUH-
GRAINED, PLAGI OCLASE - PHYRIC TRACHYTE 
AS fOR M3683 148 
DARK GREY , f RE SH, VESI CULAR, MED I UM-GRAINED 
PlAG laCLAS E - OLI V} NE -P HYR I C BASALT 
DARK, FRE SH, FIN E GRA I NED, PLAGIOCLASE -PHYR 1 C 
8ASALT 
AS FOR M3683241 
REO, STRUC TURElESS UNSORTED POLYMICT PE88LE 
BRECCIA 
DARK GREY . HOO ERAT'EL Y IJEATHERED , FRESH, MEDTUM-
COARSE GRAI NED , PL AGIOCLASE -PYROXENE -aLI VI NE 
PHYRIC BASA LT 
DARIC. FRESH, MED I UH- COARSE GR"l NED. PLAG! OCLASE 
PHYRIC BASALT 
1 M THICK, MOOERATE LY TA8ULAR JOINTED , DARK GREY 
BRO\JN, MODERATelY \JEAT HERED, MEDIUM-GRAINED, 
PLAG] OCL ASE-Ol t VI NE -PHYRI C BASALT 
5 6 
MT CAVE NO I SH M36/86835D 
UEST OF Ml "36/868351 
UEST Of MT M36/868352 
UEST Of MT H36/868351 
CAVENDISH 
MT CAVENDIS H H36/870352 
MT CAVE NO I SH H36/87035' 
MT CAVENDISH M36/ 670355 
MT CAVENDI SH H36/870356 
MT CAVENDISH M36/87D357 
MT CAVE NO I SH M36/ 870356 
MT CAVENOI SH M36 / 871353 
MT CAVENDISH M36/871351 
MT CAVENDISH M36/87D351 
"T CAVENDISH M36/86935 1 
MT CAVEND I SH M36/87035 0 
MT CAVENDISH M36/871353 
UEST Of MT M36/869350 
CAVENDISH 
MT CAVENDISH M36/870353 
\JEST OF H36/875355 
MT CAVEND ISH 
MT CAVE NO I SH M36/672355 
MT CAVEND I SH M36/672355 
MT CAVEND I SH M36/871354 
MT CAVENDISH M36/871355 
MT CAVENDISH M36/870355 
MT CAVE NDI SH H36/873353 
Ml CAVENDISH M36/872353 














































FLOU TS, XRf 











Fl O\.l TS, XRF 
FL OU XRF 
4 
GREY DARK, WEATHERED , FINE-MEDIUM GRAJHEO. 
PLAGIOCLASE·PHYRJC BASALT 
1 MUlDE, DARK, UEATHERED , MEDIUM- GRAINED , 
PLAGIOCLASE - OLIVI NE -PHYR I C 8ASAL T 
AS fOR H3683247 
DARI( GREY, FRESH, FINE·GRAHiED, PLAGI OCLASE · 
PHYRIC BASALT 
DARK GREY, MODERATElY UEATHERED , MEO I UI1-GRAINED, 
OLIVINE-PHYRIC 8ASALT 
AS FOR M3683229 
MOOERATELY COLUMNAR JOINTED, DARK , fRE SH, fINE-
MEDJUM GRAINED, PLAGIOCLASE-PHYRIC BASALT 
AS fOR M3683229 
DARK BROUN, \.lEATHERED MEDIUM, GRAINED, 
PLAG I OCLASE -PHYRI C BASALT 
AS FOR M3683263 
AS fOR M3683263 
AS fOR M3683229 
AS fOR M36S3229 
5 6 
MT CAVENDISH M36/ 871352 
MT CAVENDISH "36/872352 
MT CAVENDISH " 36/671352 
MT CAVENDI SH "36/ 872351 
MT CAVENDISH "36/ 872351 
" T CAVENDISH "36/870350 
MT CAVENDISH " 36/870350 
MT CAVENDISH M36/ 871351 
H1 CAVENDI SH M36/6703l.9 
MT CAVENDISH M36/872350 
MT CAVENDISH M36/67335D 
MT CAVENDISH M36/872352 
MT CAVEND I SH M36 / 672351 
5 M TH I CK, HODERATELY COLUMNAR JOINTED , DARK MT CAVENDISH M36 / 672353 
GREY, fRESH, MEDIUM-GRAINED, PLAGIOCLASE-PYROXENE-
OllVINE - PHYRIC BASALT 
2 M THICK, DARK 8RDUN, fRESH, MEDIUM-GRAINED , 
PLAGIOCLASE -PHYRIC 8ASALT 
3 H THICK, MODERATelY \.lEATHERED, HEDIUM-GRAINED, 
PLAGIOCLASE -PYROXENE-OL IVI NE -PHYR I C BA SALT 
DARK GREY, \JEATHERED , MEDIUM-GRAINED , 
PLAGI OCLASE-OLIVI NE - PHYRIC 8ASAL T 
AS FOR M3683273 
REO CRYSTAL TUff/SCOR IA 
REO, MONOLI TH I C CR YSTAL TUff 
DARK GREY BROWN, \.lEATHERED. YES I GULAR, 
PlAGJOCLASE-PHYRIC BASALT 
1'10DERATEl Y TABULAR JOl NTED. GREY REO - DARK , 
UEATHERED, MED I UM-GRAINED, PLAG I OCLASE - PHYR I C 
BASAL T 
AS fOR M3683229 
AS fOR M3683263 
DAR I( GREY. FRESH. MED lUM- COARSE GRAJ NED. 
PLAGIOCLASE -PYROXENE -aLI VI NE -PHYR I C 8ASAL T 
AS fOR M3683229 
MODERATEL Y COLUMNAR TO TA8ULAR JOI NTED 
DARK GREY , fRESH, PLAGt OCLASE - PHYR I C BASAL T 
5 H THICK, MODERATElY COLUMNAR JOINTED, DARK 
GREY- GREEH, UEATHERED, MEDIUM·GRAINED, 
PLAGIOCLASE - PHYR I C- TRACHYTE 
MT CAVENDISH M36/873354 
MT CAVENDISH M36/ 672353 
MT CAVEND I SH M36/67.354 
MT CAVENDISH M36/87535' 
MT CAVENDISH H36 / 873353 
HT CAVENDISH M36/ 873352 
MT CAVEND I SH M36/87435 1 
MT PLEASANT M36/873351 
" T CAVEHDISH M36/ 674352 
MT CAVENDISH " 36/ 874352 
HT CAVENDISH M36/ 875352 
MT CAVENDISH M36/875350 
SOUT H Of M36/ 876350 
HT CAVENDISH 
YEST Of M36/ 867352 
foIT CAVENDISH 




1 2 3 
M3683580 FLOII TS 
P13683581 DI KE 
M3683582 FLOII TS 
M3683594 Dl(E 
M36836n FLOU TS , XRF 
M3683678 FLOII TS , XR F 
M36840D1 FLOII TS 
H3684002 FLOY TS 
M3684003 FLOII TS, XR F 
M3684004 FLOU TS 
M3684005 FLOU TS 
M3684006 FLOU TS 
M3684007 fLOU TS 
M3684008 f LOli TS 
M3684009 fLOU TS, XR f 
H36B4012 FlO\.l 15, XR F 
M3684013 FLOII TS 
M3684014 Fl O\J 1S 
M3684015 FLO\.' TS 
M3684016 DI ( E TS 
M3664017 fLOU TS 
M3684018 fL Oli TS 
M3684019 fLOU TS 
M3684020 FLOU TS, XRF 
101,3684021 FlOlJ I S, XRF 
M3684023 FlOlJ 1 5 
M3684024 fL Oli TS, XRf 
4 
AS FOR M3683572 
1 M \.IIOE, MODERATElY 'WEATHERED, GREY GREEN, 
MEDlUM~GRA I NED . PL AGIOCLASE-PHYRIC TRACHYTE 
DARK GREY . FRESH, HED I UM-GRAINED, PLAGIOCLASE-
PYROXENE-Ol IVI NE-P HYR IC BASALT 
2 H ~IDE. GRE Y GRE EIoI , MEDIUM-GRAINED, 
PLAGJOClASE-PH YR I C TRA CHYTE 
DARK, MODE RATELY UEATHERED, FINE-GRAINED, 
PLAGJOCLASE-PH YR IC BASALT 
DARK GREY, VES l CULAR PLAGlOCLASE-PHTRlC 8ASALT 
DARK, MODERATE LY UEATHERED, MEDIUM-GRAINED 
HAGI OCLASE -CL J VI HE - PHYR I C BASALT 
DARK, FRESH, FINE- GRAil-lED, PLAGIOCLASE-PHYRtC-
8ASALT 
3 . 5 H THI CK , COLUMN AR TO TABULAR JOINTED, 
MOOERATELY IJE ATHEREO, GREY RED-BROI.IN (YELLO\J-
8ROIIN), MEDIUM-COAR SE-GRAINED , PLAGIOCLASE-
PHYR I C BA SALT, TR ACH YTE 
AS FOR M36B .t.003 
DARK GREY , FR ES H, MEDIUM-GRAINED, PLAGIOC LASE-
PHYR I C 8A SAL T 
AS FOR M3684005 
OARK GREY , MODERATELY UEATHERED, MEDIUM-GRAINED 
PLAGIOCLASE-PHY RI C BASALT 
AS fOR "3684007 
AS fOR M3684005 
AS FOR P136B.t.005 
OARK GREY , FRE SH, MEDIUM - COARSE GRAINED, 
PLAGIOCLASE - PYROXE NE-OL I VI NE -PHYRI C 8ASALT 
AS FOR M3684007 
GREY, FI NE -MEDIUM- GRA INED , PLAGIOClASE-PHYRIC 
8ASALT 
1.50 MUlDE, GREY, MODERATELY UEATHERED, fINE· 
MEDIUM GRA INED , OLI VINE-PYROXENE - PLAGIOCLASe -
PHYR I C 8ASALT 
AS FOR M36840 15 
AS fOR M3684013 
AS fOR M368401 3 
OARK GREY, FRE SH , MEO I UM· COARSE GRA I NEO, 
PLAG I OCLAS E - PYROXENE-OL t VI NE-PHYR 1 C BASALT 
AS FOR 1-136Bl. 013 
AS fOR M368402D 
DARK GREY , MOO ER AT ELY 'WEATHERED, MEDIUM-COARSE 
GRA I NED, PLAGI OC LASE- PHYR I C 8ASALT 
5 6 
MT CAVEND I SH 
MT CAVEND I SH M36{866352 
HT CAVENDISH M36/867355 
MT CAVENDISH M36{867355 
MT CAVEND I SH M36{866353 
SOOTH Of M36{872348 
HT CAVENDISH 
SOOTH Of M36{872347 
CAVE NO I SH 
MT PLEASANT M36{876355 
HT PLEASANT H36/87535G 
MT PLEASANT M36{ 876354 
MT PLEASANT M36/876356 
MT PLEASANT M36{87735 5 
MT PLEASANT M36{878355 
MT PLEASANT M36{ 87735 5 




HT PLEASAN T 









































































































TS, XR F 
TS 
4 
AS FOR M3684020 
GREY, MEDIUM-GRAINED, PlAGIOCLASE- PHYRIC BASALT 
AS fOR M3684D24 
AS FOR M36840D3 
AS FOR M3684020 
DARK, FRESH, MEDIUM-GRAINED, PlAGIOClASE-PHYRIC 
8ASALT 
AS FOR H3684030 
DARI::::: GREY RED-SRO\JN, UEATHERED, MEDIUM-GRAINED, 
PLAG I OCLASE -PHYRI C 8ASALT 
GREY, MODERATELY UEATHERED, fINE-MEDIUM GRAINED, 
PLAGIOCLASE-PHYRIC 8ASALT 
, H UIDE, HOOERATELY UEATHERED, GREY, FINE· 
MEDIUM-GRAINED, OLIVINE~PHYRIC BASALT 
DARK GREY , fRESH, MED IUM-GRAl NED, PLAG I OCLASE 
PHYRJ C BASALT 
5 M \.IIDE, OARK, MEDIUM-GRAINED, PLAGIOCLASE~ 
OLIVINE-PHYRIC BASALT 
AS fOR M368'035 
AS fOR M3684032 
AS FOR M368.035 
AS fOR M368'035 
GREY, MODERATElY U'EATHERE[I '.l'i tlUM-GRAlNED , 
PLAGIOCLASE-PHYRIC BASALT 
GREY, MODERATELY UEATHERED , MED I UM-GRAINED, 
PLAGIOCLASE -PYROXENE ·OLlVI NE -PHYR J C 8ASAL T 
1.50 MUlDE, GREY 8ROIIN, UEATHERED VES I CULAR, 
MED IUM- GRAI NED , PLAGJ DClASE~Ol I VI NE-APHYRI C 
BASALT 
GREY, HOOERATElY UEATHERED , MEDIUM - GRAINED, 
LAGI OClASE-OlI VI NE-PHYRJ C BASALT 
DAR( GREY, UEATHERED, MEDIUM-COARSE GRAINED, 
PLAGIOCLASE - PYROXENE -OL I VI NE BASAL T 
RED, CRYSTAL TUFF 
AS fOR M3683263 
OARK, FRESH, FINE-GRAINED , PLAGIOCLASE - ?HYRIC 
8ASALT 
AS FOR M3684287 
DARK , FRESH, MEO IUM- COARSE GRA I NED, PLAG 1 OCl ASE -
PHYR I C BASAL T 
DARK, FRESH, MEDIUM-GRAINED, PLAGIOCLASE-
PYROXENE-OLlVINE -PHYRIC 8ASALT 
AS fOR M3684292 
8·12 H THICK, COLUMNAR TABULAR JOINTED, DARK 











































































M368,323 0 I KE 
"368'325 LAHAR 
M368,333 fLOII 





































l S, XRF 
M3684358 fLOII XRf 
M3684359 FLOU 
M3684360 FLOII TS 
M3684364 LAHAR 
4 
AS FOR H36B1.3, 5 
AS FOR M36Bl.030 
5 11 VIDE, DARK , FRESH, MEDIUM -GRA INED, 
PlAG I OClA.SE - PHYR I C BASALT (AS FOR 1'13694036) 
10 M THICK., GREY GR EE N, HOOERATELY \.lEATHERED, 






1 H UIDE, DARK, UEAlHERED , fiNE-GRAINED, HT PLEASANT 
PLAG 10ClASE - PHYR I C BASALT 
AS FOR 1'1366321 1 I'll PLEASANT 
MASSIVE, 5 - ' H THICK, MODERATELY COLUMNAR 10 HT PLEASANT 
TABULAR JOJlHED, DARK GREY, FRESH, MEDIUM-
GAl NED, PLAGIOCLASE - PYROXENE -OL I VI NE-PHYRI C 
BASAL T 
3 H IJIDE, DARI( GREY , FRESH, MEDIUM-GRAINED, I'll PLEASANT 
PLAGIOClASE- PHYR IC BASALT 
10 H THICK, COLUHIoIAR TO l 'ABULAR JOUHEO, DARK I'll PLEASANT 
PINK YELLOU- 8ROUN, UEATHERED, PLAGIOCLASE-PHYRIC 
LA VA FlOU (AS FOR 1'13684003) 
AS FOR H3684l.33 HT PLEASANT 
3-5 H THICK, MODERATELY COLUMNA.R TO TABULAR 
JOINTED, FRE SH, MEDIUM- COARSE GRAINED 
PLAG I OCLASE - PHYR I C BASALT 
GREY, MODERATelY UEAT HE RED, FINE-GRAINED, 
PLAG I OCLASE - PHYR I C 8ASALT 
DARK GREY, HOOERATELY 'oJEATHERED, MEDIUM-COARSE 
GRA I NED, PLAGIOCLASE - PHYR I C 8ASALT 
DARK GREY, MODERATELY UEATHERED, MEDIUM-COARSE 
GRAINED, PLAG IOCLASE-OL I V}NE - PHYRIC BASALT 
AS FOR H3684333 
AS fOR M368,335 
AS FOR M36Bl.339 
DARK, FRESH , HEDIUH-COAR SE GRAINED, PLAGIOCLASE-
OLIVINE-PHYRI C BASALT 
AS FOR H3684340 
AS fOR M368430 1 
3 MUlDE, GREY GREEN, ~EATHERED, HEDIUM-GRAINED, 
PLAGIOCLASE -P HY RI C TRAC HYTE 
AS FOR 1013684335 
DARK, UEATHER ED , MEDIUM-GRAINED , PLAGIDCLASE-
PHYR t C 8ASAL T 
t. H 'WIDE, DARK GREY , MODERATELY \.lEATHERED , 
MEDIUH-GRAI NEO, P.LAGIOCLASE -PHYRIC BASALT 











































AS fOR M3684340 MT PLEASANT M36/B8l. 3t.6 
DARK GREY, FRESH , MEDIUM- GRAINED, PLAGIOClASE-
OllV!NE-PHYR}C BASALT 
AS FOR M3683211 
HT PLEASANT "136/887346 














































































DARI:::, FRESH, MEDtuM-GRAINED, PlAGIOCLASE-
PHYRIC BASALT 
AS FOR H3684339 
AS FOR H3694339 




HT PLEAS ANT 
I1T PLEASANT 
AS fOR M3684360 HT PLEASAN T 
DARK GREY, \.lEATHERED, MEDIUM-GRAINED, HT PLEASANT 
PLAG I DCLASE -PHYRIC 8ASALT 
AS fOR M3684003 HT PLEASAN T 
DARK GREY YELLOU-8ROUN, UEATHERED, VESICULAR, HT PLEASANT 
HED IUM- GRA I HED, PLAG I OCLASE-DLI VI NE- PHYR I C 8ASALT 
MOOERATEL Y TABULAR JOI WTED. GREY YELlOl.l - GREEN. IJ I NaSOR 
UEATHERED, HEDIUM-GRAINED, PLAGIDCLASE-PHYRIC CASTLE 
TRACHYTE 
DARK GREY, fRESH, HEDIUM- GRAINEO, PLAGIOCLASE- UINDSOR 
DLIVINE-PHYRIC BASALT CASTLE 
DARK GRAY. PlAGIOCLASE-PHYRIC BASALT NORTH OF 
AS FOR K36B4619 
AS fOR M3684410 
AS FOR M368461 9 
DARK GREY, FRESH , HED IUM-COARSE GRAB/EO, 
PLAGIOCLASE -PYROXENE -OL I VI NE -PHYR t C BASALT 
AS fOR H3684619 
DARK GREY, UEATHERED, MEDIUH-COARSE GRAINED.' 
PLAG I OCLASE-PYRDXENE-OL t VI NE -PHYR I C BASALT 






























AS FOR "3684907 MT PLEASANT' H36/881359 
AS fOR M3684907 
AS FOR H36849D7 
AS FOR 1'13684907 
AS FOR 1"13684907 
AS FOR ",368'619 
AS FOR M3684619 
10 M THICK, MASSIVE HDOERATELY COLUMNAR TO 
TA8ULAR JOINTED, DARK, FRESH, HEDIUH-COARSE 
GRAI NED, PLAG I DC LASE -PHYR I C BASAL T 
3 MUlDE, GREY GREEN, \.JEATHERED, PLAGIOCLASE-
PHYRIC TRACHYTE 
1 M UIOE, GREY GREEN, ~EATHERED, HEDIUM-GRAINED, 
PLAGIOCLASE-PHYRIC TRACHYTE 













































































TS , XRf 
TS 
TS 
TS , XR F 








I. H \JJOE , GREY GR EEN, IJEATHERED, HEOJUH-GRAINEO 
PlAG I OClASE - PH YR I C TRACHYTE 
GREY YEllO'W-BRO\.IN , 'WEATHERED, MEDIUM- COARse 
GRAINED, PlAGIOClASE-PllYRI C BASALT 
3 M THICK , RED BROUN, STRUCTURELESS MATRI X 
SUPPORTEO TO CLAST -SUPPORTED , POL YHI CT BOULDER 
BRECCIA AND CONGLOMERATE 
DARK GRAY , PlAGJOClASE -PHY R)C BASALT 
MCOERATELY KNOBBLY TO COLUMNAR JOINTED, DARK, 
FRESH, MEDIUH- GRAINED, PLAGIOCLASE-PYROXENE-
OlIVINE-PHYRIC BASALT 




l YlTEl TON 
6 
M36/893347 












5 H THICK, COLUMNA!!: TO TABULAR JOINTED, DARK GREY BREEZE BAY N36/924348 
YEllO\J-BROIJ/<l , \.lEATHERED, MED JUM- COARSE- GRAl NED, 
PLAGIOCLASE-PHYR I C BASALT 
AS FOR: N36AS4 78 TAYlORS N36/919354 
AS fOR M3685478 
AS fOR N36A547B 
COUU1NAR TO TABUL AR: JOINTED, DARK, FRESH, 
MED I UM-COARSE GRAI NED , PLAGIOCLASE- PYROXENE-
OLIVINE- PHYRIC 8ASALT 
DARK GRE Y. FRESH, HEOIUM-COARSE GRA I NED, 
PLAG I OCl AS E - PHYR I C BA SALT 
DARK GREY I MOO ERAT EL Y UEATHEREO, HEa JUH-
GRAINED , PLAGIOCLASE -PHYRIC BASALT 
MODERATEl Y COLUMNAR TO TABULAR JOINTED, GREY 
YELLO~-BROON , MEOI UM-GRAINED, PLAGIOCLASE-
PYROXENE -OLI VINE-PHYR IC BASALT 
AS 'OR M3684902 
AS fOR M36B5443 
10-15 H THI CK, MASSI VE TABULAR JOIHTED, YELLOU-
RED , IJE ATHERED, MEDIUM-GRAINED, PLAGIOCLASE-
PHYR: le T RAtHYTE 
AS fOR M3685443 
0.50 H !.IIDE,GREY. UEATHERED. MEDIUM-GRAINED, 
PLAGIOCLASE - PHYR I C TRACHYTE 
CRYSTAL TUff 
2 M UIOE, GREY, ""EAT HERED, MEDIUM-GRAINED, 
PLAGIOCLASE - PHYRI C TRACHYTE 
REO, UE AT HERED CRYSTAL - TUf f 
AS FOR H36B57S 1B 
3 H UIDE, GREY GREEN, OEATHEREO, HEDIUH-
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fLOU TS, XRf 
FLO\J TS , XRF 
f LO~ TS 
fLOO TS , XRF 
fLOli TS, XRF 
FB 
f LOU 
f LO~ XRf 
fLOU TS 
fLOU TS, XRF 
fLO~ TS, XRF, 
FLOu TS 











DARK GREY-BRO'olN, IJEATHERED, FINE-MEDIUM GRAINED, 
PLAGIOCLASE-PHYR I C BASALT 
DARK, fRESH, MEDIUM-GRGAINED. PLAGIOCLASE-
PHYRIC BASALT 
PLAGIOCLASE -PHYRIC BASALT 
AS fOR M3685759 
AS fOR M3685768 
AS fOR M3685759 
DARK GREY-GREEN, MODERATELY UEATHERED, MEDIUM-
GRAI NEO, PLAGIOCLASE -PHYR I C TRACHYTE 
5-10 M THICK, COLUMNAR TO TABULAR JOINTED, OARK 
GREY- YELLOU- BRO'..'N, \.lEATHERED . MED I UM- GRAI NED, 
PLAGIOCLASE - PHYR 1 C BASALT CAS fOR N36A5507) 
AS fOR M36B4,. 9 
AS fOR M3685768 
OARK GREY, MODERATELY UEATHERED, MEDIUM- GRAI NED, 
PLAGIOCLASE -Oll VI NE -PHYR I C BASALT 
AS fOR M36B5805 
AS fOR M36B5768 
AS fOR "3685768 
DARK GREY, FRESH, MEDIUH-GRA I )r,IED, PLAGIOCLASE-
PHYRIC BASALT 
DARt(, FRESH, HED I UH- GRA] NED , PLAGJ OClASE -
PYROXENE-OLIVINE -PHYRIC BASALY 
5 M UIOE, GREY GREEN, UEATHERED, MEDIUM-GR AINED. 
PlAG I OCLASE -PHYR I C TRACHYTE 
DARK, FRESH, MEDIUM-GRAINED, PLAGIOCLASE-
PHYR I C BASALT 
RED, CRYSTAL TUFF 
DARK-YELlOU, \.lEATHERED, MEDI UM-GRA I NED, 
PlAG IOCLASE -PHYR I C BASALT 
AS fOR H36A5826 
AS fOR "36>4 907 
AS FOR "3685853 
AS fOR M3685757 
PLAGI OCLASE- PHYR I C LAVA 
5 
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APPENDIX I II PETROGRAPHIC AND MINERALOGICAL DESCRIPTIONS 
This appendix contains general information concerning thin section studies. 
183 thin sections are described : 153 of lava flow s , 28 of dike s , s ill s , and 
other intrusive bodies and 2 from pyroclastic units. Detailed field 
descriptions and locations of thin sectioned sample s are listed in appendi x 
II. 
The mineral abundances listed are visual estimates. Rock names are ass igned 
according to average plagioclase composition as indicated in table below . 
Plagioclase compositions were estimated by measurement of the extinction angle 
by the Michel -Levy method to determine anorthite (An) content . 
[ 1] PLAGIOCLASE COMPOSITION 
An mol.% 0 - 10 10 -30 30 - 50 50 - 70 70 - 90 90 -100 
Plag. albite oligoclase andesine labradorite bytownite anorthite 
[ 2] ALKALINE BASALT ASSOCIATION: -
Rock name Ba salt Hawaii t e Mug eari te Trac hy te 
Anorthite > 50 50 - 30 10-30 < 10 
Plagioclase Labradorite andesine oligoclase albite ot 
anorthoclase 
For petrographi c rock classif icati on ' pu r po ses an average pl ag iocl ase 
composition of phenocryst s and groundmass wa s estimated. 
Key for Ta bl e III-A:-
(i) Olivine: - (a) Includes fre sh olivine 
(b) olivine * : - Indicate s olivine + secondary mine ra l 
or miner aloid (idding si te ) con side red t o be 
pseudomorphic after olivine 
(ii) Clinopyroxene:-Includes augite in basic rocks, and green clinopyroxene 
(ferroaugite to hedenbergite to aegirine-augite) 
in intermediate and felsic rocks. 
(i i i ) Ort hopyroxene:- Is r epr esented by hyperst ini ne 
( iv ) Brown hornbl ende: - Is represented by kaersutite 
(v) OXides:- Represents mainly Fe- Ti oxide (ilmeni t e) and r arely mag net i te 
Trachytoid texture is used for all trachytic and pilotaxitic texture 
\ \ 
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APPENDIX I I I A 
PETROGRAPHIC AND MINERALOGICAL DESCRIPTIONS 
_._ .. _-----------------.--------------- --------- ---- --------------- ---------------------- ------- -------- ------ --._--. 
SAMPLE TEXTURE PHENOCRYSTS GROUNDMASS ROCK NAME CHnl1 CAL NAt1E 
------------------.-------------------------------------------------------------------------------------- -------- ----
M3682046A FRESH, APHANITIC, 5% PLAGIOCLASE 65% PLAGIOCLASE TRACHYTE Ne-TRACHYTE (M3686a) TRACHYTOI 0, < 1% CLINOPYROXENE 10% CLINOPYROXENE 
HAYPOCRYSTALLINE TRACE OLIVINE 
5% OXIDE 
15% GLASS 
M36820468 FRESH, APHANITIC, 2% PLAGIOCLASE 65% PLAGIOCLASE , TRACHYTE N.A 
(~136862b) HYPOCRYSTALLINE < 1% CLINOPROXENE 18% CLINOPYROXENE 
15% GLASS 
(M36823) FRESH, PORPHYRITIC 8% PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE N.A 
HOLOCRYSTALLINE 2% CLINOPYROXENE 20% CLINOPYROXENE 
INTERGRANULAR < 1% OLIVINE 10% OLIVINE 
< 1% OXIDE 9% OXIDE 
113682047 MODERATELY WEATHERED, 3% PLAG IOCLASE 67"~ PLAGIOCLASE TRACHYTE Ne- TRACHYTE 
VESICULAR, TRACHYTOID < 1% OLIVINE 15% CLINOPYROXINE 
HYPOCRYSTALLI NE 15% GLASS 
M3682048 MODERATELY WEATHERED, 5% PLAGIOCLASE 58% PLAG I OCLASE HAWAI ITE N.A 
INTERGRANULAR, APHANITIC 2% OLIVINE 14% CLINOPYROXENE 
HYPOCRYSTALLI NE 1% CLI NOPYROXENE 14% OLIVINE 
6% OXIDE 
M3682051 WEATHERED, VESICULAR, 12% PLAGIOCLASE 52% PLAGIOCLASE HAWAI ITE N.A 
PORPHYR IT I C, 1% CLINOPYROXENE 13% CLINOPYROXENE 
HYPOCRYSTALLINE 1% OLIVINE 12% OLIVINE 
10% GLASS 
(M36824 ) FRESH, VESICULAR 15% OLIVINE 40% PLAG I OCLASE OLIVI NE- Ol -HAWAIITE 
PORPHYR IT I C 2% CLINOPYROXENE 28% OLIVINE 8ASAL T 
HOLOCRYSTALLINE 10% CLINOFYROXENE 
5% OXIDE 
M36B2052 MODERATELY WEATHERED, 3% PLAGIOCLASE 67"1. PLAGIOCLASE TRACHYTE N.A 
HYPOCRYSTALLINE, APHANITIC <1% CLINOPYROXENE 15% CLINOPYROXENE 
15% GLASS 
113682054 FRESH, VESICULAR, 65% PLAGIOCLASE TRACHYTE N.A 
SU8- TRACHYTOID, APHANITIC 20% CLINOPYROXENE 
15% GLASS 
M3682055 FRESH,PORPHYRITIC, 15% PLAGIOCLASE 51% PLAGIOCLASE HAWAI ITE N.A 
INTERGRANULAR , 2% CLINOPYROXENE 20% CLINOPYROXENE 
HYPOCRYSTALLI NE, 2% OLIVINE 3% OXIDE 
7% GLASS 
M3682056 MODERATELY WEATHERED, 5% PLAGIOCLASE 54% PLAGIOCLASE MUGEARITE N.A 
1% CLI NOPYROXENE 15% CLINOPYROXENE 
TRA CE OLI VI NE 5% OXIDE 
20% GLASS 
M36B2059 MODERATELY WEATHERED 1% PLAG IOCLASE 49% PLAG IOCLASE MUGEAR IT E N. A 
APHANITIC, SUB TRACHYTOID 15% OLIV INE 
HYPOCRYSTALLI NE 15% CLINOPYROXENE 
10% OXIDE 
M36B2060 MODERATELY WEATHERED 12% PLAGIOCLASE 50% PLAG IOCLASE HAWAIITE N.A 
VESICULAR, HOLOCRYSTALLINE 4% OLIVINE 15% CLINOPYROXENE 
INTERGRANULAR 2% CLINOPYROXENE 15% OLIVINE 
5% OXIDE 
. M36B2061 MODERATELY FRESH, 6% PLAG IOCLASE 63% PLAGIOCLASE TRACHYTE N.A VESICULAR, TRACHYTOID 1% CLINOPYROXENE 10% CLINOPYROXENE 
HYPOCRYSTALLINE 20% GLASS 
116 
M36B2063 FRESH, VESICULAR, 7"/. PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE Ol-MUGEAR I TE (M36B37) HOLOCRYSTALLINE 2% OLIVINE * 15% OLIVINE 
PORPHYRITIC , SUB -TRACH YTO ID 2% CLIN OPYROXENE 15% CLINOPYROX ENE 
9% OXIDE 




M36B2067 MODERATELY FRESH, 10% PLAG I OCLASE 53% PLAGIOCLASE TRACHYTE N.A HYPOCRYSTAL LJ NE < 1% CLINOPYROXENE 20% CLINOPYROXENE 
TRACHYTOID < 1% OLIVINE 7"/. OLIVINE 
8% OXIDE 
M36B2068 MODERATELY ~EATHERED 5% PLAGIOCLASE 63% PLAGIOCLASE HA~AI ITE N.A HYPOCRYSTALLINE 1% CLINOPYROXENE 15% CLINOPYROXENE 
1% OLIVI NE 10% OLIVINE 
TRACE APATITE 
5% GLASS 
M36B 2069 MODERATELY FRESH, 60% PLAGIOCLASE MUGEARITE N.A VE SICULAR, HYPOCRYSTALLINE 10% OLIVINE 
SUB-TRACHYTOID, APHANITIC 10% CLINOPYROXENE 
20% GLASS 
M36B2071 FRESH , HYPOCRYS TALLINE 5% PLAGIOC LASE 51'1. PLAG I OCLASE HA\.IA I ITE II. A APHANI TIC, SUB -TRACH YT OID 3% OLIVINE * 15% CLINOPYROXENE 
15% OLIVI NE 
5% OXIDE 
M36B2072 MODERAT ELY \.lEATHERED 3% PLAG I OCLASE 46% PLAG IOCLASE HA\.IA I I TE Ol -MUGEAR I TE HYPOCRYSTALLINE,APHANITIC 1% OLIV I NE 15% OLIVINE 




(M36B33) MODERATELY ~EATHERED 10% PLAGI OCLASE 50% PLAGIOCLASE HA\.IAI ITE Ol - HAWAI I TE PORPHYR IT I C 2% OLl VI NE 20% OLIVI NE 
HOLOC RYSTA LLI NE < 1% OX IDE 12% CLINOPYROXE NE 
TRACE APAT ITE 
5% OXIDE 
M36B2073 MOD ERATELY ~EATHERED , 50% PLAGIOCL ASE MUGEAR ITE tl. A VESICULAR, HYPOCRYSTALLINE 15% OLIVINE 
SUB- TRACHYTOI D, APHAN IT IC 15% CLI NOPYROXENE 
5% OXIDE 
15% GLASS 
M36B2074 MODERATELY FRESH, VESICULAR 3% PLAG I OCLASE 56% PLAGIOCLASE MUGEARITE N.A HYPOCRYSTALLINE, APHANITIC 1% OLIVINE 17"/. OLIVINE 
TRACE CLINOPYROXENE 10% CL INOPYROXENE 
3% OXIDE 
10% GLASS 
M36B2076 MODERATELY FR ESH, 3% PLAGIOCLASE 57"/. PLAG IOCLASE TRACHYTE OZ - TRACHYTE (M36B56) HYPOCRYSTALL IN E, APHANITIC 15% CLINOPYROXENE 
SUB-TRACH YT OID 5% OLIV INE 
1'1. OXIDE 
13% GL ASS 
M36B2078 MODERATELY FRESH, 3% PLAGIOCLASE 61'1. PLAGIOCLASE TRACHYTE N.A VESICULAR, HYPOCRYSTALLINE 10% CLINOPYROXENE 
APHANIT IC, SUB- TRACHYTOI D 20% GLASS 
M36B2082 MODERATELY FRESH, 5% PLAGIOCLASE 51'1. PLAGIOCLASE TRACHYTE N.A VES ICUL AR, HYPOCRYSTA LLI NE 2% CLI NOPYROXENE 15% CL INOPYROXENE 
AP HAN IT I C, TRACH YTOID 1% KAE RSUTITE 5% OXIDE 
15% GLASS 
M3682083 MODERATELY \.lEATHE RED 2% PLAGIOCLASE 52% PLAGIOCLASE MUGEARIT E N.A HYPOCRYSTAL LI NE 1% OLIV INE 15% OLIVINE 
APHANITI C, SUB -TRACHYTOID 15% CLINOPYROXENE 
I i 
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15% GLA SS 
M36B2087 MODERATELY FRESH , 15% PLAGIOCLASE 53% PLAGIOCLASE HA\.IAIITE Hy- HA\.IA I I TE 
PORPHYRITI C, HOLOCRYSTALLINE < 1% CLINOPYROXENE 14% CL INOPYROXENE 
< 1% OLIVINE 12% OLIVI NE 
6% OXIDE 
(M36B31) MODERATELY \.lEATHERED 12% PLAG I OCLASE 53% PLAGIOCLASE HA\.IAII TE Hy-HA\.IA lITE 
PORPHYR IT I C < 1% OLIVINE 17% CLINOPYROXENE 
HYPOCRYSTALLI NE < 1% CLINOPYROXENE 16% OLIVINE 
M36B2088 MODERATELY FRESH, 20% PLAGIOCLASE 51 % PLAGIOCLASE HA\.IAIITE N.A 
HOLOCRYSTALLINE 4% OLIVINE 10% CLINOPYROXENE 
PORPHYR IT I C 10% OLIVINE 
5% OXIDE 
M36B 2089 FRESH, APHAN IT I C 3% PLAG IOCLASE 60% PLAGIOCLASE MUGEAR ITE N.A 
HYPOCRYSTALLI NE 1% OLIVINE 16% CLINOPYROXENE 
15% OLIVINE 
5% OXIDE 
M36B2091 MODERATELY \.lEATHERED 11 % PLAG I OCLASE 55% PLAGIOCLASE HA\.IAIITE BASALT 
PORPHYR IT I C, 3% OLIVINE 13% CLINOPYROXENE 
HOLOCRYSTALLINE < 1% CLINOPYROXENE 12% OLIVINE 
5% OXIDE 
M36B2094 AS FOR M36B2091 10% PLAG I OCLASE 55% PLAGIOCLASE HA\.IAII TE N. A 
3% OLI VINE 15% CLINOPYROXENE 
10% OLIVINE 
7% OXIDE 
M36B 2096 FRESH, VESICULAR, 6% PLAGIOCLASE 61 % PLAGIOCLASE TRACHYTE N.A 
TRACHYTOID, PORPHYRITIC 3% CLINOPYROXENE 25% CLINOPYROXENE 
HOLOCRYSTALLINE 5% OXIDE 
M36B2100B FRESH, HYPOCRYSTALLINE 65% PLAGIOCLASE MUGEARITE N.A 
APHANITIC, SUB -TRACHYTOID 5% OLIVINE 
5% CL I NOPYROXENE 
5% OXID E 
20% GLASS 
M36B2 101 HETROLI THIC TUF F BR ECC IA :- CONSISTS OF LAVA LITHOLOGIC CLAST AND FRAGMENTAL MA TRI X, 
INDI VI DUAL CLAST HAVE PHENOCRYSTS AND GROUN DMASSES. SOME CLAST CONS I ST OF PLAG I OCLASE, RARE OLI VI NE AND 
CL INOPYROXENE PHENOCRYST , BUT THE ABUN DAN CE OF PHENOCRYST MINERALS IS VARIABLE IN DIFFERENT CLASTS . 
MOST CLASTS . ARE APHANATIC. THE FRAGMENTAL MAT RI CX IS DOMINANTLY GLASS AND LARGE CRYSTALS OF 
PLAGIOCLASE AND MINOR OLIVINE AND CLINOPYROXENE 
M36B2102 FRESH , HYPOCRYSTALLINE, 6% PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE N.A 
SUB-TRACHYTOID 2% CLINOPYROXENE 10% OLIVINE 
HYPOCRYSTALLINE 2% OLI VI NE 10% CLINOPYROXENE 
5% OXIDE 
15% GLASS 
M36B2103A FRESH, HOLOCRYSTALLINE, 13% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAIITE N.A 
PORPHYRITIC, INTERGRANULAR 4% CLINOPYROXENE 14% CLINOPYROXENE 
4% OLIVINE 10% OLIVINE 
5% OXIDE 
M36B2103B FR ESH , HY POCRYSTALL INE 9% PLAGIOCLA SE 40% PLAGIOCLASE HA\.IA I ITE N.A 
APHANITIC,SUB -TRACHYTOID 2% CLINOPYROXE NE 12% CLINOPYROXENE 
2% OLI VI NE 10% OLI VINE 
5% OXIDE 
20% GLASS 
M36B2105A MODERATELY FRESH, 55% PLAGIOCLASE MUGEARITE N.A 
HYPOCRYSTALLINE, 15% CLINOPYROXENE 
SUB-TRACHYTOID 5% OLI VI NE 
APHANIT I C 5% OXIDE 
20% GLASS 





M36B2117A MODERATELY FRESH, 13% PLAG I OCLASE 55% PLAGIOCLASE HAWAII TE BASALTE 
VESICULAR, PORPHYRITIC 4% OLIVINE 12% CLINOPYROXENE 
HOLOCRYSTALLI NE 11% OLIVINE 
5% OXIDE 
M36B2117B FRESH, PORPHYRITIC 13% PLAG I OCLASE 45% PLAGIOCLASE HAWAIITE N.A 
HOLOCRYSTALLINE 4% OLIVINE 20% ALTERED OLIVINE 
10% CLINOPYROXENE 
TRACE APAT ITE 
8% OXIDE 
M36B2139 FRESH, PORPHYRITIC 16% PLAGIOCLASE 50% PLAGIOCLASE HAI-IAIITE N.A 
HOLOCRYSTALLINE 4% OLIVINE 15% OLIVINE 
10% CLINOPYROXENE 
5% OXIDE 
M36B2151 FRESH, APHANITIC, 60% PLAGIOCLASE TRACHYTE Ne- TRACHYT E 
TRACHYTOID, 25% CLINOPYROXENE 
HYPOCRYSTALLI NE 10% GLASS 
5% OXIDE 
M36B2155 FRESH, APHANITIC 5% PLAGIOCLASE 50% PLAGIOCLASE HAWA lITE N.A 
SUB- TRACHYTOI D 2% OLI VI NE 10% CLINOPYROXENE 
HYPOCRYSTALLINE <1% CLINOPYROXENE 10% OLIVINE 
TRACE APAT ITE 
8% OXIDE 
15% GLASS 
M36821 56A MODE RATE LY I-IE ATHE RED 8% PLAGIOCLASE 60% PLAGIOC LASE HAI-IAIITE N.A 
VESICULAR, PORPHYRITIC 2% Oll VI NE 15% OLIVINE 
HYPOCRYSTALLINE 5% CLINOPYROXENE 
10% OXIDE 
M36B2156B MODERATELY ERESH 58% PLAGIOCLASE HAWAIIT E N.A 
VESICULAR, SUB-TRACHYTOID 8% OLIVI NE 
HYPOCRYSTALLINE 7"1. CLINOPYROXENE 
APHANIT I C 2% OXIDE 
25% GLASS 
M36B2157 MODERATELY FRESH 16% PLAG I OCLASE 50% PLAGIOCLASE HAWAIITE N.A 
PORPHYRITIC 2% OLIVINE 15% OLIVINE * 
HOLOCRYSTALLINE 12% CLINOPYROXENE 
TRACE APAT ITE 
5% OXIDE 
M3682158A FRESH, VESICULAR, 13% PLAG I OCLASE 60% PLAGIOCLASE HAI-IAII TE N.A 
PORPHYR IT I C 2% OLIVINE * 15% OLIVINE * 
HOLOCRYSTALLINE < 1% CLINOPYROXENE 5% CLINOPYROXENE 
5% OXIDE 
M36B2158B FRESH, PORPHYRITIC 17"1. PLAG IOCLASE 50% PLAGIOCLASE HAWAIITE N.A 
HOLOCRYSTALLINE 3% OLIVINE * 15% OLIVINE 
2% CLINOPYROXENE 10% CLINOPYROXENE 
3% OXIDE 
M36B2162 FRESH, PORPHYRITIC, 7"1. PLAG I OCLASE 50% PLAGIOCLASE HAWAIITE Oz-HAWAIITE 
HOLOCRYSTALLINE 2% CLINOPYROXENE 16% OLIVINE 
1% OLIVINE 15% CLINOPYROXENE 
< 1% ORTHOPYROXENE 8% OXIDE 
TRACE APAT lTE 
M36B2 163 MODERATE LY FRESH 11% PLAG IOCLASE 54% PLAGIOCLASE HAI-IAIITE BASALT 
VESICULAR, HOLOCRYSTALLINE 3% OLIVINE * 15% ALTERD OLIVINE PORPHYRITIC, INTERGRANULAR 2% CLINOPYROXENE 15% CLINOPYROXENE 
~'3682164A FRESH, HYPOCRYSTALLINE 8% PLAG IOCLASE 50% PLAG I OCLASE HAWAIITE Ol- HAWAI I TE (M36849) PORPHY R IT I C 4% OLIVINE 17% CLINOPYROX ENE 
15% OLIVINE 
6% OXIDE 
M36B2164 B FRESH, PORPHYRITIC 5% PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE OI -t1UGEAR ITE (M36848) HOLOCRYSTALLI NE 2% OLlVI"NE 20% OLIVINE 
SUB- TRACHYTOI D 1% CLINOPYROXEN E 17"1. CLINOPY ROX ENE 
5% OXIDE 
K 
M36B2164C MODERATELY FRESH, 
VESICULAR, HYPOCRYSTALLINE 
APHANITIC 
M36B2165A MODERATELY ~EATHERED 
HYPOCRYSTALLINE 
M36B2165B MODERATELY ~EATHERED 
HYPOCRYSTALLINE 
APHANITI C 
















































10% PLAG I OCLASE 
5% PLAGIOCLASE 
1% ORTHOPYROXENE 
10% PLAG I OCLASE 
2% OLIVINE 







< 1% OXIDE 
TRACE KAERSUT ITE 
3% PLAGIOCL ASE 
60% PLAGIOCLASE 






















55% PLAG IOCLASE 
15% CLINOPYROXENE 
14% OLIVINE 















50% PLAG I OCLASE 
15% OLIVINE '" 
10% CLINOPYROXENE 












M36B3205 CRYSTAL TUFF:- TEXTURE = VESICULAR, VITROPHYRIC ( 
11 9 
HAWAI ITE Ol - HAWAlITE 
HA~AI ITE N.A 
MUGEAR lTE N.A 
HA~AI ITE N_A 
HA~AI ITE N.A 
TRACHYTE N.A 
HAWAI ITE Fe-ALTE RED ROC 
HAWAI ITE N_A 
ANDESITE N.A 
HA~AI ITE N.A 
HAWA I ITE N.A 
TRACHYTE TRAAHYTE 
TRACHYTE Qz -TRACHYTE 
CRYSTALS = PLAGIOCLASE ~ITH SOME OLIVENE AND CLINOPYROXEN. CRYSTALS EMBEDEDE[r GLASS tMTRICS l 
;_J 
1 20 
M3683250 MODERATELY FRESH. 5% PLAGIOCLASE 60% PLAGIOCLASE MUGEARITE Oz -BENMOR EI TE 
HOLOCRYSTALlI NE. 5% CLINOPYROXENE 15% CLINOPYROXENE 
INTERGRANULAR. PORPHYRITIC < 1% OLIVINE 11% OLIVINE 
4% OXIDE 
M3683271 MODERATELY FRE SH 9% PLAGIOCLASE 50% PLAGIOCLASE HAWA I I TE Ol -HAWA I I TE 
VESICULAR. HOLOCRYST AL LI NE 2% CLI NOPYROXENE 16% CLI NOPYROXENE 
INTERGRANULAR 2% OLI VI NE 16% OLIVINE 
PORPHYR IT I C TRACE ORTHOPYROXENE 
5% OXIDE 
M36B3272 MODERATELY FRESH. 5% PLAGIOCLASE 50% PLAGIOCLASE HAWA I ITE Ol -HAWA I ITE 
HYPOCRYSTALLINE. APHANITIC 2% CLINOPYROXENE 15% CLINOPYROXENE 
SU8 -TRACHYTOID 2% OLIVINE 15% OLIVINE 
TRACE APAT ITE 
10% OXIDE 
M3683280 MODERATELY WEATHE RE D 10% PLAGIOCLASE 55% PLAGIOCLASE HAWAIIT E N. A 
VESICULAR. PORPHYRITIC 10% OLIVINE 
HYPOCRYSTALLINE. 10% CLINOPYROXENE 
INTERGRANULAR 8% OXIDE 
7".4 GLASS 
M3683286 MODERATELY WEATHERED 9% PLAGIOCLASE 55% PLAG I OCLASE HAWAI ITE Hy· HAWA I ITE 
HYPOCRYSTALLINE 2% CLINOPYROXENE 15% CLINOPYROXENE 
MICRO, PORPHYRITIC 1% OLIVINE 10% OLIVINE 
10% OXIDE 
M3 683580 FRESH. HOLOCR YSTALL IN E 15% PLAGIOCLASE 58% PLAGIOCLASE TR ACH YTE N.A 
SU8 -TRACHYTOID 2% CLINOPYROXENE 20% CLI NOPYROXENE 
< 1% OLI VINE 5% OXIDE 
M3683582 MODERATELY FRESH. 1% PLAGIOCLASE 54% PLAGIOCLASE HAWAI I TE N.A 
HYPOCRY STALLINE. 15% CLINOPYROXENE 
APHANIT I C 10% OLIVINE 
10% OXIDE 
10% GLASS 
M3683677 MODERATELY FRESH 60% PLAG IOCLASE TRACH YTE QZ ' TRAC HYTE 
HYPOCRYSTALLI NE 15% CL IN OPYROXEN E 
APHANIT I C 5% OXIDE 
20% GL ASS 
M3683678 MOD ERATELY FRE SH 16% PLAG IOCLASE 50% PLAGIOCLASE HAWAI ITE Hy· HAWA II TE 
HOLOCR YSTALLI NE 2% CLINOPYROXENE 13% CL INOPYROXENE 
2% OLIVI NE 12% OLIVINE 
5% OXIDE 
-- -- --- - -- -- - --- - -- -- - --- - - - -- --- - - -- - - --- -- -- - - -- - ---- - - -- -- - - --- - - ------- --- --- ---- -------- - -- -- ------ -- - - - -- ~ - -- --
M3684001 MODERATELY FRESH 5% PLAGIOCLASE 55% PLAG I OCLASE HAWAI ITE N.A 
HYPOCRYSTALLINE < 1% OLIVI NE 13% OLIVINE 
APHAN IT I C < 1% CLINOPYROXENE 12% CLINOPYROXENE 
5% OXIDE 
10 % GLASS 
M3684002 FRESH. APHANITIC 46% PLAGIOCLASE HAWAIITE N.A 
HYPOCRYSTALLINE 12% OLIVINE 
INTERSERTAL 12% CLINOPYRPOXENE 
30% GLASS 
~136 84003 MOD ERATELY WEATHER ED 25% PLAGIOCLASE 50% PLAGIOCLASE TRAC HYTE Qz-TRACH YT E 
VESICULAR . HOLOCRY STALLI NE 1% ALTERED OLI VINE 10% OLIVI NE 
PORPHYR IT I C 1% ALTERED 10% CLINOPYROXENE 
CLINOPYROXENE 3% OXIDE 
M3684004 MODERATELY WEATHERED 25% P.LAG I OCLASE 50% PLAGIOCLASE TRACHYTE T.A HOLOCRYSTALLINE 2% OLTERED OLIVINE 10% OLI VINE 
PORPHYR IT I C < 1% OLTERED 9% CLINOPYROXENE 
. CL \,.NOPYROXE NE 3% OXIDE 
M3684005 FRESH . PORP HYR ITI C 8% PLAGIOCL AASE 50% PLAG IOCLASE HAWA I I TE N.A HOLOCRYSTALLI NE 2% OLIVI NE 24% OLIVINE 
1% CLI NOPYROXENE 10% CLINOPY RO XE NE 
5% OXID E 
1 21 
~13684 006 FRESH, PORPHYRITIC 8% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAI ITE N.A 
INTERGRANULAR 3% OLIVINE 20% OLIVINE 
HOLOCRYSTALLINE < 1% CLINOPYROXENE 13% CLINOPYROXENE 
TRACE APAT ITE 
TRACE ZEOL ITE 
7% OXIDE 
M3684007 FRESH, PORPHYRITIC 9% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAI I TE N.A HOLOCRYSTALLINE 2% OLIVI NE 20% OLIVINE * 
INTERGRANULAR 1% CLINOPYROXENE 12% CLINOPYROXENE 
1% IDDINGSITE 5% OXIDE 
M36B4008 FRESH, PORPHYRITIC 15% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAI ITE N.A 
HOLOCRYSYALLINE 2% OLIVINE 15% CLINOPYROXENE 
INTERGRANULAR 1% CLINOPYROXENE 10% OLIVI NE 
1% IDDIGSITE 6% OXIDE 
M36B4009 FRESH, APHANITIC 5% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAI I TE Ol-HAiJAI ITE HYPOCRYSTALLINE 3% OLIVINE 20% OLIVINE 
VESICULAR 1% CLINOPYROXENE 16% CLINOPYROXENE 
TRACE APAT ITE 
6% OXIDE 




M3684013 FRESH, APHAN IT I C 6% PLAGIOCLASE 52% PLAGIOPCLASE HAI.JAIITE N.A HYPOCRYSTA LLI NE 1% OLIVINE 20% OLIVINE 
1% CLINOPYROXENE 15% CLINOPYROXENE 
TRACE KAERSUT ITE 
5% OXIDE 
M36B4014 FRESH, VESICULAR 10% PLAG I OCLASE 50% PLAGIOCLASE HAI.JAIITE N. A PORPHYRITIC, HOLOCRYSTALLINE 1% CLINOPYROXENE 17% CLINOPYROXENE 
INTERGRANULAR 1% OLIVINE * 16% OLIVINE * 5% 'OXIDE 
M36B4015 FRESH, HYPOCRYSTALLINE 12% PLAGIOCLASE 50% PLAGIOCLASE HAI.JA I ITE N.A SUB-TRACHYTOID, APHANITIC 2% CLINOPYROXENE 13% CLINOPYROXENE 
INTERGRANULAR 2% OLIVI NE 12% OLIVINE 
9% OXIDE 
M36B4016 FRESH, PORPHYRITIC 15% PLAGIOCLASE 43% PLAGIOCLASE BASALT N.A HOLOCRYSTALLI NE 2% CLINOPYROXENE 20% OLIVINE 
INTERGRANULAR 15% CLINOPYROXENE 
TRACE APAT ITE 
5% OXIDE 
M36B4017 FRESH, APHANITIC 53% PLAGIOCLASE HAI.JAI ITE N.A HYPOCRYSTALLI NE 1r!. CLINOPYROXENE 
SUB-TRACHYTOID 12% OLIVINE 
5% OXIDE 
13% GLASS 
M36B4018 FRESH, PORPHYRITIC 12% PLAGIOCLASE 50% PLAGIOCLASE HAI.JAI ITE N.A HOLOCRYSTALL I NE 3% OLIVINE 15% CLINOPYROXENE 
INTERGRANULAR 2% CLINOPYROXENE 13% OLIVINE 
5% OXIDE 
M36B4019 FRESH, PORPHYR ITIC 11% PLAG IOCLASE 4 rio PLAG I OCLASE HA~IAI lTE N.A HOLOCRYSTALLINE 4% OLIVINE 15% CLINOPYROXENE 
2% CLINOPYROXENE 15% OLIVINE 
<1% OXIDE 5% OXIDE 
~136B4020 FRESH, PORPHYRITIC 8% PLAGIOCLASE 48% PLAG I OCLASE HA.IA lITE Ne- NAI.JA lITE HOLOCRYSTALLI NE 3% OLIVINE 20% OLIVINE 
INTERGRANULAR 3% CLINOPYROXENE 10% CLI NOPYROXENE 
4% CALCITE 




M36B4021 FRESH, VESICULAR, 8% PLAGIOCLASE 52% PLAGIOCLASE HA\.IA lITE Ol- HA\.IAI ITE 
HOLOCRYSTALLINE, 3% OLI VI NE 15% OLIVINE 
PORPHYRIT I C 1% CLINOPYROXENE 15% CLINOPYROXENE 
INTERGRANULAR 7"" OXIDE 
M36B4023 FRESH, PORPHYRITIC 11 % PLAG I OCLASE 48% PLAGIOCLASE HA\.IAI ITE N.A 
HOLOCRYSTALLI HE 3% OLI VI NE 16% CLINOPYROXENE 
INTERGRANULAR 2% CLINOPYROXENE 15% OLIVINE 
TRACE APAT ITE 
5% OXIDE 
M36B4024 FRESH, PORPHYRITIC 8% PLAGIOCLASE 48% PLAGIOCLASE HA\.IAI I TE Ol-HA\.IAIITE 
HOLOCRYSTALLINE 2% OLIVINE * 21% OLIVINE * 
1% CLINOPYROXENE 10% CLINOPYROXENE 
TRACE APATITE 
10% OXIDE 
M36B4025 FRESH, PORPHYRITIC 7"1. PLAG IOCLASE 48% PLAGIOCLASE HA\.IAI ITE N.A 
HOLOCRYSTALL I NE 3% OLIVINE 19% OLIVI NE 
1% CLINOPYROXENE 15% CLINOPYROXENE 
< 1% OXIDE 7"1. OXIDE 
M36B4026 FRESH, HYPOCRYSTALLINE 8% PLAGIOCLASE 52% PLAGIOCLASE HAllA I ITE N.A 
APHANITIC, SUB-TRACHYTOID 3% OLIVINE 18% CLINOPYROXENE 
1% CLI NOPYROXENE 12% OLIVINE 
6% OXIDE 
M36B4027 FRESH, PORPHYRITIC 12% PLAGIOCLASE 50% PLAGIOCLASE HAllA I ITE N.A 
HYPOCRYSTALLI NE 4% OLIVINE 15% OLIVINE 
INTERGRANULAR 2% CLINOPYROXENE 10% CLINOPYROXENE 
TRACE APATITE 
7% OXIDE 
M36B4028 MODERATELY \.lEATHERED 25% PLAGIOCLASE 43% PLAGIOCLASE TRACHYTE N.A 
VESICULAR, HOLOCRYSTALLINE 2% ALTERED OLIVINE 15% OLIVINE 
< 1% ALTERED 10% CLINOPYROXENE 
CLINOPYROXENE 5% OXIDE 
M36B4029 FRESH, PORPHYRITIC 15% PLAGIOCLASE 4 5%PLAG I OCLASE HAllA lITE N.A 
HOLOCRYSTALLI NE 5% OLIVINE 13% OLIVI NE 
INTERGRANULAR 2% CLI NOPYROXENE 12% CLINOPYROXENE 
8% OXIDE 
M36B4030 FRESH, APHAN IT I C 4% PLAGIOCLASE 60% PLAG I OCLASE HAllA I ITE N.A 
HYPOCRYSTALLINE 1% OLIVINE 15% OLIVINE 
<1% CLINOPYROXENE 15% CLINOPYROXENE 
TRACE APATITE 5% OXIDE 
M36B4031 FRESH, PORPHYRITIC 15% PLAGIOCLASE 45% PLAGIOCLASE HAllA I ITE N.A 
HOLOCRYST AL LI NE 3% OLIVI NE * 15% OLIVINE INTERGRANULAR 1% CLINOPYROXENE 15% CLINOPYROXENE 
6% OXIDE 
M3684032 FRESH, PORPHYRITIC 13% PLAGIOCLASE 42% PLAGIOCLASE HAllA I ITE N.A 
HOLOCRY ST ALLI NE 3% OLI VI NE * 20% CLINOPYROXENE 
1% CLINOPYROXENE 15% OLIVINE 
TRACE APATITE 
< 1% OXIDE 6% OXIDE 
M3684033 FRESH, HOLOCRYSTALLINE 8% PLAG I OCLASE 50% PLAGIOCLASE TRACHYTE N.A 
MICRO-PORPHYRITIC 1% CLINOPYROXENE 18% OLIVINE 
SUB-TRACHYTOID 1% OLIVINE 14% CLINOPYROXENE 
8% OXIDE 
M36B4034 FRESH, PORPHYRITIC 15% OLIVINE 48% PLAGIOCLASE OLIVINE- N.A 
MICRO -VESICULAR 2% CLINOPYROXENE 25% OLI VI NE BASALT 
HOLOCRYSTALLI NE < 1% PLAGIOCLASE 15% CLINOPYROXENE 
INTERGRANULAR TRACE APAT ITE 
5% OXIDE 
M36B4035 FRESH, PORPHYRITIC 11 % PLA(> I OCLASE 50% PLAGIOCLASE HAIIAIITE N. A 
HOLOCRYSTALLINE 2% OLIVINE 17% OLIVINE 





M36B~036 fRESH, HYPOCRYSTALLINE 9% OLIVINE 45% PLAGIOCLASE OLIVINE- N.A MICRO-PORPHYRITIC 2% PLAGIOCLASE 20% OLiVI NE BASALT 
1% CLINOPYROXENE 14% CLINOPYROXENE 
3% APATITE 
7"1. OXIDE 
M36B4037 FRESH, PORPHYRITIC 11% PLAGIOCLASE 51% PLAGIOCLASE HA\.IAI ITE N.A HOLOCRYSTALLI NE 2% CLINOPYROXENE 15% CLINOPYROXENE 
VESICULAR 2% OLIVINE * 14% OLIVINE 
5% OXIDE 
M36B~038 FRESH, PORPHYRITIC 9% PLAGIOCLASE 47% PLAGIOCLASE HA\.IAI ITE N.A 




M36B4039 fRESH, PORPHYRITIC 6% PLAGIOCLASE 56% PLAG I OCLASE HA\.IAIITE N.A 
HOLOCRYSTAL LI NE 2% OLIVI NE * 15% OLIVINE 
1% CLINOPYROXENE 10% CLINOPYROXENE 
10% OXIDE 
M36B~0~0 FRESH, PORPHYRITIC 9% PLAGIOCLASE 50% PLAG I OCLASE HA\.IAIITE N.A 
HOLOCRYSTALLINE 2% OLIVINE * 17% OLIVINE 
SUB-TRACHYTOID 2% CLINOPYROXENE 15% CLINOPYROXENE 
5% OXIDE 
M36B~0~1 FRESH, PORPHYRITIC 12% PLAGIOCLASE 46% PLAG 10CLASE HA\.IAIITE N.A 
HOLOCRYSTALLI NE 3% OLI VI NE 16% CLINOPYROXENE 
3% CLINOPYROXENE 15% OLIVINE 
5% OXIDE 
M36B40~2 fRESH, PORPHYRITIC 6% PLAGIOCLASE 53% PLAG 10CLASE HA\.IAIITE N.A 
HOLOCRYSTALLINE 1 % CLI NOPYROXENE 15% CLINOPYROXENE 
VESICULAR < 1% OLIVINE * 10% OLIVINE 
5% OXIDE 
10% .GLASS 
M36B40~3 FRESH, VESICULAR 7"1. PLAGIOCLASE 52% PLAGIOCLASE HA\.IAIITE N.A 
PORPHYR IT I C 1% OLIVINE * 10% CLINOPYROXENE 
SUB-TRACHYTO ID 10% OLIVINE 
5% OXIDE 
15% GLASS 
M36B~0~~ FRESH, VESICULAR 7"1. PLAG I OCLASE 44% PLAGIOCLASE HA\.IAI ITE N.A 
PORPHYR IT I C 1% OLIVINE * 15% OLIVINE 
HYPOCRYSTALLINE 1% CLINOPYROXENE 15% CLINOPYROXENE 
7"1. OX IDE 
10% GLASS 
M36B40~5 fRESH, PORPHYRITIC 13% PLAG I OCLASE 48% PLAGIOCLASE HAWA lITE N.A 
HOLOCRYSTALLINE 3% OLIVI NE * 15% OLIVINE 
INTERGRANULAR 1% CLINOPYROXENE 10% CLINOPYROXENE 
TRACE KAERSUT ITE 10% OXIDE 
TRACE APATAITE i 
M36B~300 MODERATELY FRESH 12% PLAGIOCLASE 55% PLAGIOCLASE HA\.IAIITE N.A 
HOLOCRYSTALLINE 3% ALTERED OLIVINE 20% OLIVINE 
PORPHYR I TI r 10% CLINOPYROXENE 
M36B~301 MODERATELY FRESH 10% PLAGIOCLASE 50% PLAGIOCLASE HAWAI ITE 01- HAWAI ITE 
HOLOCRYSTALLINE 3% OLIVI NE .. 17"1. OLi VINE 
PORPHYR IT I C 2% CLINOPYROXENE 13% CLINOPYROXENE 
5% OXIDE 
M36B4303 MODERATELY FRESH 8% PLAGIOCLASE 53% PLAG I OCLASE HA\.IAIITE N.A 
HOLOCRYSTALLI NE 4% OLIVINE " 18% OLIVINE PORPHYRITIC 12% CLINOPYROXENE 
5% OXIDE 
M36B4321 MODERATELY fRESH 3% PLAG I OCLASE 65% PLAGIOCLASE TRACHYTE N .A 
VESICULAR 20% CLINOPYROXENE 




M364339 FRESH, PORPHYRITIC 10% PLAG I OCLASE 54% PLAGIOCLASE HAWAI ITE N.A 
HOLOCRYSTALLINE 2% IDDINGSITE / 14% OLIVINE 
IN TERGRANULAR 1% OLIVINE 10% CLINOPYROXENE 
1% CLINOPYROXENE TRACE ORTHOPYROXENE 
TRACE APAT ITE 
8% OXIDE 
M3684341 FRESH, PORPHYRITIC 9% PLAGIOCLASE 52% PLAGIOCLASE HAWAI ITE N.A 
IIOLOCRYSTALL I NE 2% IDD I NGS ITE 15% OLIVINE 
2% OLIVINE 15% CLINOPYROXENE 
< 1% CLINOPYROXENE 5% OXIDE 
M3684342 MODERATELY FRESH 12% PLAGIOCLASE 46% PLAGIOCLASE HAWAI ITE N.A PORPHYR IT I C 2% OLiVI NE 15% OLIVINE 
HOLOCRYSTALLI NE 2% CLINOPYROXENE 15% CLINOPYROXENE 
INTERGRANULAR 8% OXIDE 
M3684352 MODERATELY WEATHERED 12% PLAGIOCLASE 49% PLAGIOCLASE HAWAIITE BASAL T 
PORPHYRITIC 3% ALTERED 15% OLIVINE 
HOLOCRYSTALLINE OLI VI NE 10% CLINOPYROXENE 
1% CLINOPYROXENE 5% CALCITE 
5% OXIDE 
M36B4356 MODERATELY WEATHERED 7"1. PLAG I OCLASE 55% PLAGIOCLASE HAWAI I TE Hy- HAWA lITE 
HOLOCRYSTALLINE 2% OLIVI NE 17"1. OLIVINE 
SUB- TRACHYTOID 1% IDDINGSITE 10% CLINOPYROXENE 
PORPHYR IT I C < 1% CLINOPYROXENE 5% OXIDE 
4% CALC ITE 
M36B4360 FRESH, PORPHYRITIC 16% PLAGIOCLASE 50% PLAGIOCLASE HAWAIITE N.A 
HOLOCRYSTALLI NE 2% OLIVINE 15% OLIVINE 
2% CLINOPYROXENE 10% CLINOPYROXENE 
5% OXIDE 
M36B4408 FRESH, PORPHYRITIC 12% PLAGIOCLASE 45% PLAGIOCLASE HAWAI ITE N.A 
HOLOCRYSTALLI NE 4% OLIVINE * 16% CLINOPYROXENE 
INTERGRANULAR 1% CLINOPYROXENE 14% OLIVINE 
8% 'OXIDE 
M3684410 MODERATELY FRESH 10% PLAGIOCLASE 56% PLAGIOCLASE TRACHYTE QZ·.TRACHYTE HYPOCRYSTALLI NE 1% CLINOPYROXENE 20% CLINOPYROXENE 
< 1% OLIVINE 8% OLIVINE 
5% OXIDE 
M36B4596 FRESH, HOLOCRYSTALLINE 9% PLAGIOCLASE 51% PLAGIOCLASE HAWAI ITE Hy- HAWA I ITE PORPHYRIT I C 3% OLIVINE 20% OLIVINE 
INTERGRANULAR 1% IDDINGSITE 10% CLINOPYROXENE 
TRACE APAT ITE 
6% OXIDE 
M3684613 FRESH, PORPHYRITIC 12% PLAGIOCLASE 51% PLAGIOCLASE TRACHYTE az-BENI10REITE HYPOCRYSTALLINE 3% CLINOPYROXENE 20% CLINOPYROXENE 
SUB-TRACHYTOID 8% OLIVINE 
TRACE ORTHORROXENE 
6% OXIDE?·" 
M3684619 MODERATELY FRESH 9% PLAGIOCLASE 54% PLAG I OCLASE HAWAI I TE Ol-HAWAI ITE HOLOCRYSTALLINE 3% OLIVI NE 15% OLIVINE 
PORPHYR IT I C 15% CLINOPYROXENE 
TRACE APAT ITE 
4% OXIDE 
M36B4634 FRESH, PORPHYRITIC 12% PLAGIOCLASE 46% PLAGIOCLASE TRACHYTE Hy-BENI10RE 1 TE SUB-TRACHYTOID 2% CLINOPYROXENE 22% CLINOPYROXENE 
10% OLIVINE 
8% OXIDE 
M36B4866 FRESH, VESICULAR 12% PLAG I,OCLASE 50% PLAGIOCLASE HAWAI ITE H.A HYPOCRY STALLI HE 3% OLlV i'NE * 15% CLINOPYROXENE SUB -TRACHYTOID 1% CLINOPYROXENE 14% OLIVINE 
TRACE ORTHOPYROXENE 
5% OXIDE 
M36B4891 MODERATELY FRESH 11 % PLAG I OCLASE 50% PLAGIOCLASE HAWAIITE N. A 
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HOLOCRYSTALLINE 3% OLIVI NE 15% CLINOPYROXENE 
PORPHYR IT I C 1% 100lNGSITE 10% OLIVINE 
1% CLINOPYROXENE 9% OXIDE 
M36B4902 FRESH, PORPHYRITIC 10% PLAGIOCLASE 40% PLAGIOCLASE HA\.IAIITE N.A 
HOLOCRYSTALLINE 4% OLIVINE 20% OLIVI NE 
INTERGRANULAR 1% IDDINGSITE 17'~ CLINOPYROXENE 
1% OXIDE 7% OXIDE 
tH6B4905 FRESH, PORPHYRITIC 8% PLAGIOCLASE 45% PLAGIOCLASE HA\.IA lITE N.A 
HOLOCRYSTALLINE 1% CLINOPYROXENE 20% OLIVINE 
1% IDDINGSlTE 15% CLINOPYROXENE 
10% OXIDE 
M36B4908 FRESH, PORPHYRITIC 10% PLAGIOCLASE 47% PLAGIOCLASE HA\.IAIITE N.A 
HOLOCRYSTALLI NE 2% OLIVI NE 13% OLI VI NE 
INTERGRANULAR 1% IDDINGSITE 13% CLINOPYROXENE 
3% CLINOPYROXENE 10% OXIDE 
1% OXIDE 
M36B4914 FRESH, PORPHYRITIC 10% PLAGIOCLASE 50% PLAGIOCLASE HA\.IA I I TE N.A 
HYPOCRYST AL LI WE 2% CLINOPYROXENE 12% CLI NOPYR 
2% OLIVINE 13% OLIVI NE 
1% OXIDE 10% OXIDE 
M36B4915 MODERATELY \.lEATHERED 10% PLAGIOCLASE 54% PLAGIOCLASE HA\.IAI ITE N.A 
HYPOCRYSTALLINE 3% ALTERED 13% CLINOPYROXENE 
PORPHYRITIC OLI VI NE 12% ALTERED 
OLIVINE 
8% OXIDE 
M36B4916 MODERATELY \.lEATHERED 8% PLAGIOCLASE 50% PLAGIOCLASE HA\.IAIITE N.A 





M36B5376 MODERATELY \.lEATHERED 11 % PLAGIOCLASE 46% ·PLAGIOCLAASE MUGEARITE N.A 
HOLOCRYSTALLINE 5% OLIVI NE 15% CLINOPYROXENE 
PORPHYRITIC < 1% CLINOPYROXENE 10% OLIVINE 
4% CALCITE 
8% OXIDE 
M36B5429 MODERATELY \.lEATHERED 10% PLAGIOCLASE 54% PLAGIOCLASE TRACHYTE N.A 
HYPOCRYSTALLINE 2% CLINOPYROXENE 18% CLINOPYROXENE 
PORPHYR IT I C 1% OLIVINE 5% OXIDE 
10% GLASS 
M36B5440 t10DERA TEL Y \.lEATHERED 8% PLAGIOCLASE 50% PLAGIOCLASE TRACHYTE Qz-BENMOREIIE 
PORPHYR IT I C 3% CLINOPYROXENE 18% CLINOPYROXENE 




M36B5441 MODERATELY FRESH 11% PLAG I OCLASE 45% PLAGIOCLASE HA\.IAI ITE N.A 
HOLOCRYSTALLINE 3% OLIVINE 20% OLIVINE 
PORPHYRITIC 1% CLINOPYROXENE 15% CLINOPYROXENE 
5% OXIDE 
M36B5443 MODERATELY FRESH 14% PLAGIOCLASE 45% PLAGIOCLASE HA\.IAIlTE OI-HA\.IAlllE 
HOLOCRYSTALLINE 4% OLIVINE 18% OLIVINE 
PORPHYR IT I C 2% ALTERED 12% CLINOPYROXENE 
CLINOPYROXENE TRACE APATITE 
5% OXIDE 
N36A5478 MODERATELY \.lEATHERED 15% PLAGIOCLA SE 44% PLAG IOCLASE TRA CHYTE N.A 
PORPHYR IT I C 4% CLINOPYROXENE 16% CLINOPYROXENE 
< 1% OLIVINE 10% OXIDE 
10% GLASS 
N36A5482 MODERATELY \.lEATHERED 15% PLAGIOCLASE 44% PLAGIOCLASE TRACHYTE N.A 
HOLOCRYSTALLINE 4% CLINOPYROXENE 20% CLINOPYROXENE 
< 1% OLIVINE 7'1. OXIDE 
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10% GLASS 
N36A5508 MODERATELY FRESH 13% PLAGIOCLASE 45% PLAGIOCLASE HAI-IAI ITE Qz-HAI-IAI I TE 
HOLOCRYSTALLI NE 2% CLINOPYROXENE 12% OLIVINE 
PORPHYR IT I C 2% OLIVINE 10% CLINOPYROXENE 
INTERGRANULAR 1% IDDINGSITE TRACE APAT ITE 
1% OXIDE 8% OXIDE 
6% GLASS 
N36A5509 MODERATELY FRESH 12% PLAGIOCLASE 45% PLAGIOCLASE HAI-IAIITE Qz-HAI-IAI ITE 
HOLOCRYST AL LI NE 4% OLIVI NE 20% OLIVINE 
PORPHYR IT I C 1% CLINOPYROXENE 10% CLINOPYROXENE 
INTERGRANULAR < 1% OXIDE 7"~ OXIDE 
N36A5518 FRESH, HOLOCRYSTALLINE 10% PLAGIOCLASE 53% PLAG 10CLASE HAI-IAI ITE N.A 
PORPHYR IT I C 5% OLIVINE 14% CLINOPYROXENE 
INTERGRANULAR 1 % CLI NOPYROXENE 12% OLIVINE 
< 1% OXIDE <1% ORTHOPYROXENE 
5% OXIDE 
N36A5520 FRESH, HOLOCRYSTALLINE 12% PLAGIOCLASE 42% PLAGIOCLASE HAI-IAIITE N.A 
PORPHYR IT I C 3% OLIVINE .. 18% OLIVINE 
INTERGRANULAR 2% CLINOPYROXENE 15% CLINOPYROXENE 
< 1% OXIDE 7% OXIDE 
N36A5531 FRESH, HOLOCRYSTALLINE 11% PLAGIOCLASE 55% PLAGIOCLASE HAI-IAI ITE N.A 
INTERGRANULAR 2% OLIVINE .. 15% OLIVINE 
2% CLINOPYROXENE 10% CLINOPYROXENE 
1% ORTHOPYROXENE 
5% OXIDE 
N36A5563 FRESH, HYPOCRYSTALLINE 13% PLAG I OCLASE 55% PLAG I OCLASE TRACHYTE Qz-TRACHYTE 
PORPHYR IT I C < 1% CLINIPYROXENE 17"10 CLINOPYROXENE 
15% GLASS 
N36A5568 FRESH, HYPOCRYSTALLINE < 1% PLAGIOCLASE 62% PLAGIOCLASE TRACHYTE N.A 
APHANIT I C < 1% CLINOPYROXENE 15% CLINOPYROXENE 
23% GLASS 
M3685751A CRYSTAL TUFF AS FOR M3683205 
M3685758 MODERATELY FRESH 8% PLAGIOCLASE 63% PLAG I OCLASE TRACH YTE N.A 
HYPOCRYSTALLINE 1% CLI NOPYROXENE 11% CLINOPYROXENE 
SU8 -TRACHYTOID < 1% OLIVINE 8% OXIDE 
10% GLASS 
M36B5759 MODERATELY FRESH 10% PLAGIOCLASE 60% PLAGIOCLASE TRACHTYE N.A 
HOLOCRYSTALLI NE 2% CLINOPYROXENE 19% CLINOPYROXENE 
PORPHYR IT I C < 1% OLIVINE 8% OXIDE 
M3685766 FRESH, PORPHYRITIC 15% PLAGIOCLASE 46% PLAGIOCLASE HAI-IAIITE Qz-HAI-IAIITE 
HOLOCRYSTALLI NE 2% OLIVINE 14% CLINOPYROXENE 
1 % CLI NOPYROXENE 12% OLIVINE 
10% OXIDE 
TRACE APAT ITE 
M3685768 FRESH, HOLOCRYSTALLINE 13% PLAGIOCLASE 53% PLAG I OCLASE HAI-IAI ITE ot- HAI-IAI I TE 
PORPHYRITIC, INTERGRANULAR 3% OLIVINE 13% OLIVINE 
2% CLINOPYROXENE 12% CLINOPYROXENE 
TRACE APATITE 
5% OXIDE 
113685772 FRESH, HOLOCRYSTALLINE 15% PLAGIOCLASE 46% PLAGIOCLASE HA~/AI ITE ot- HA~/AI I TE 
PORPHYRITIC 3% OLI VI NE 20% OLIVINE 
1% CLI NOPYROXENE 10% CLINOPYROXENE 
TRACE APAT ITE 
TRACE CALC ITE 
6% OXIDE 
N36A5781 FRESH , HYPOCRYSTALLINE 12% PLAGIOCLASE 50% PLAGIOCLASE HAI-IAI ITE N.A 
PORPHYR IT I C, 2% OLIVINE 15% CLINOPYROXENE 
SU8- TRACHYTOID 1% CLI ~OPYROXENE 15% OLIVINE 
5% OXIDE 
N36A5791 FRESH, HOLOCRYSTALLINE 12% PLAGIOCLASE 46% PLAG I OCLASE MUGEARITE Hy- BENMORE I TE 
-127 
PORPHYR IT I C 2% CLINOPYROXENE 20% OLIVINE 
SUB-TRACHYTOID 2% OLIVINE 10% CLINOPYROXENE 
2% IDDINGSITE 6% OXIDE 
1 % KAERSUT ITE 
M36B5792 MODERATELY IIEATHERED 14% PLAGIOCLASE 45% PLAGIOCLASE MUGEARITE az-BENMOREITE 
PORPHYRITIC 3% CLINOPYROXENE 15% CLINOPYROXENE 
1% OLIVI NE 10% OLIVINE 
2% ORTHOPYROXENE 
10% OXIDE 
N36A5811 FRESH, HOLOCRYSTALLINE 12% PLAGIOCLASE 50% PLAGIOCLASE MUG EAR ITE N.A 
PORPHYRITIC 2% CLINOPYROXENE 15% CLINOPYROXENE 
1% OLIVINE 15% OLIVINE 
5% OXIDE 
N36A5822 MODERATELY FRESH 12% PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE az-BENMOREITE 
HOLOCRYSTALLINE 3% CLINOPYROXENE 14% OLIVINE 
PORPHYRITIC 2% OLIVINE 13% CLINOPYROXENE 
INTERGRANULAR TRACE KAERSUTITE 
6% OXIDE 
N36A5824 FRESH, HYPOCRYSTALLINE 11 % PLAG I OCLASE 53% PLAGIOCLASE MUGEARITE MUGEARITE SUB-TRACHYTOID 2% CLINOPYROXENE 13% CLINOPYROXENE 
2% OLIVINE 12% OLIVINE 
7'1. OXIDE 
N36A5825 FRESH, HOLOCRYSTALLINE 15% PLAGIOCLASE 50% PLAGIOCLASE MUGEARITE N.A 
PORPHYRITIC 5% OLIVINE * 12% CLINOPYROXENE 
2% CLINOPYROXENE 11% OLIVINE 
TRACE APAT ITE 
5% OXIDE 
N36A5826 MODERATELY IIEATHERED 11% PLAGIOCLASE 50% PLAGIOCLASE HAIIAIITE Hy-HAIIAI I TE 
HOLOCRYSTALLI NE 4% OLIVI NE 14% CLINOPYROXENE 
PORPHYRITIC 2% CLIONOPYROXENE 14% OLIVINE 
5% OXIDE 
M36B5830 MODERATELY FRESH 15% PLAGIOCLASE 45% 'PLAGIOCLASE HAllA I ITE N.A 
HOLOCRYSTALLINE 4% OLIVINE 20% OLIVI NE 
PORPHYR IT I C 1% CLINOPYROXENE 10% CLINOPYROXENE 
5% OXIDE 
M36B5852 MODERATELY IIEATHERED 12% PLAGIOCLASE 47'1. PLAGIOCLASE HAllA I ITE N.A 
HOLOCRYSTALLINE 3% CLINOPYROXENE 15% CLINOPYROXENE 
PORPHYR IT I C 3% OLIVINE 15% OLIVINE 
SUB-TRACHYTOID TRACE APAT ITE 
5% OXIDE 
N36A5853 FRESH, HOLOCRYSTALLINE 15% PLAGIOCLASE 42% PLAGIOCLASE HAliAI ITE N.A 
PORPHYRITIC 6% OLIVINE 12% CLINOPYROXENE 
3% CLINOPYROXENE 12% OLIVINE 
10% OXIDE 
N36A5854 FRESH, HOLOCRYSTALLINE 12% PLAGIOCLASE 46% PLAG IOCLASE HAllA I ITE N.A 
PORPHYRITIC 4% OLIVINE 15% CLINOPYROXENE 
SUB -TRACHYTO I D 2% CLINOPYROXENE 15% OLIVINE 
5% OXIDE 
~ ~~- -- - -- - - - ---- -- .------ - -- -- --------- --- -- - ----- - --- --------- --- -- --------- ---- ------ - --- ----- ---- ----- - ----.-
NOTE:-N.A = NOT ANALYZED 
APPENDIX III B 
SAMPLE DESCRIPTIONS 
----------------- - ---- - ---------- - ----- - ------------ - ---- - -------------- --- -- -- -- --

































Ol -HAWAI ITE 
HAWAIITE 




























Ol-MUGEARITE MAI N 
MUGEARITE . LATE 
TRACHYTE MAI N 
HAWAIITE LATE 
MUGEARITE LATE 







































MT PL EASANT 
MT PLEASANT 
m PLEASANT 















M36B2096 DI KE 
M68621008 FL OW 
M36B2101 LAHAR 
M362102 FL OW 
M3682103A FLOW 
M3682103B FLOW 































































































L YTTEL TON 
L YTTEL TON 
LYTT ELTON 
LYTTELTON 












L YTTEL TON 
L YTTEL TON 
L YTTEL TON 







L YTTEL TON 
L YTTEL TON 
LYTTELTON 
L YTTEL TON 
L YTTEL TON 
L YTTEL TON 

































M3683580 FL OW . 
~136B3582 FLOW 
M3683677 FL OW 


















Qz- BENMOREITE MAI N 
Fe- ALTERED MAI N 
HAWAIITE MAI N 
AND ES ITE MAI N 




Ol- HAWAI ITE 
Ol- HAWAI ITE 
HAWAIITE 
.' Qz- TRACHYTE 















01 -HAWAI ITE 
Ol -HAWAI ITE 



























L YTTEL TON 
LYTTELTON 





L YTTEL TON 
LYTTELTON 
LYTTELTON 











L YTTEL TON 
LYTTELTON 
LYTTELTON 
L YTTEL TON 




L YTTEL TON 
L YTTEL TON 






































M368402 9 FLOW 
M368403 0 FLOW 
M368403 1 FLOW 
M36B4032 FLOW 
M36B4033 DOME 
M36B403 4 DI KE 
M36B4035 FLOW 
M36B403 6 DIKE 
M36B403 7 FLOW 
1~36B4038 FLOW 
M36B4039 FLOW 
M36B404 0 FLOW 










































































L YTTEL TON 
LYTTELTON 
LYTTELTON 
L YTTEL TON 
L YTTEL TON 
LYTTELTON 
LYTTELTON 






L YTTEL TON 
L YTTEL TON 
L YTTEL TON 
LYTTELTON 
L YTTEL TON 
LYTTELTON 
LYTTELTON 
L YTTEL TON 
L YTTEL TON 
L YTTEL TON 
LYTTELTON 
L YTTEL TON 
LYTTELTON 
L YTTEL TON 
LYTTELTON 
L YTTEL TON 
L YTTEL TON 
LYTTELTON 






































M3 6B4341 FLOW HAWAI ITE MAIN LYTTELTON M36B5568 FLOW TRACHYTE MAIN LYTTELTON 
M36B4342 FLOW HAWAI ITE MAIN L YTTU TON M36B5751A TUF F CRYSTAL TUFF MAIN L YTTELTON 
M36B4352 FLOW BASALT MAIN L YTTEL TON 
,. 
M36B4356 FLOW Hy- HAWAI ITE MAIN L YTTEL TON M36B5758 FLOW TRACHYTE MAIN LYTTELTON 
~\36B43 58 FLOW Hy -HAWAI ITE MAIN LY TTELTON M36B5759 FLOW TRACHYT E MAIN LYTTELTON 
M36B4360 FLOW HAWAI ITE MAIN LYTTELTON M36B5766 FLOW Qz-HAWAI ITE MAI N L YTT EL TON 
M36B4408 FLOW HAWAI ITE MAIN LYTTELTON M36B5768 FLOW Ol-HAWAI ITE MAIN L YTTELTON 
M36B441 0 FLOW Qz -TRACHYTE MAIN LYTTELTON M36B5772 FLOW Ol-HAWAI ITE MAIN L YTTEL TO N 
M36B4 596 FLOW Hy -HAWAI ITE MAIN L YTTEL TON N36A5781 FLOW HAWAI ITE MAIN LYTT ELTON 
M36B4613 FLOW Qz -BENMOREITE MA IN LYTTELTON N36A5791 FLOW Hy-BENMORE ITE t1AIN L YTTE LTON 
M36B4619 FLOW Ol -HAWAI ITE MAIN LYTTELTON M36B5792 FLOW Qz -BENMORE ITE MAIN L YTT EL TON 
M36B4634 FLOW Hy -BENMORE ITE MAIN L YTTEL TON M36B5805 FL OW Ol-HAWAI ITE MAIN LYTT ELTON 
M36B4866 FLOW HAWAI ITE MAIN LYTTELTON N36A58 11 FLOW MUGEARITE MAIN LYTTELTON 
f136B4891 FLOW HAWAI ITE MAIN LYTTELTON 
M36B4 902 FLOW HAWAI ITE MAI N LYTTELTON N36A5822 FL OW Qz-BENMOREITE MAIN LYTTELTON 
M36B4905 FLOW HAWAI ITE MAIN LYTTELTON N36A5824 FLOW MUG EARITE MAIN L YTTEL TON 
M36B4906 FLOW Ol -HAWAI ITE MAI N L YTTE L TON N36A5825 FLOW MUGEARITE MAIN LYTTELTON 
N36A5826 FLOW Hy-HAWA I ITE MAIN LYTTELTON 
M36B4908 FLOW HAWAI ITE MAI N L YTTEL TON M36B5830 FLOW HAWAI ITE MAIN LYTT ELTON 
M36B4909 FLOW Hy -BE NMOR EI TE MAIN L YTTU TON M36B5852 FLOW HAWA IITE MAIN L YTT EL TON 
M36B49 I4 FLOW HAWAI ITE MAIN L YTTEL TON N36A5853 FLOW HAWAI ITE MAIN L YTTELTON 
M36849I5 FLOW HAWA I ITE MAIN LYTTELTON N36A5854 FLOW HAWAI ITE MAIN LYTTELTON 
M3 6849I6 FLOW HAWAI ITE MAIN L YTTEL TON - -- --- - --------- - --- - --- - --- - ------------ - ------------- --- ----------- - ------
NOTE HTB = HETEROL ITHIC TUFF BRECCIA 
INT = INTRUSION 
M36 B5376 FLOW MUGEARITE MAIN LYTTELTON 
M36B542 9 FLOW TRACHYTE MAIN L YTTEL TON 
t136B5440 FLOW Qz -BENf10RE IT E MAIN LYTTELTON 
M36B5441 FLOW HAWAI ITE MAIN LYTTELTON 
M36B 5443 FLOW Ol -HAWAI ITE MAIN LYTTELTON 
N36A5478 FLOW TRACHYTE MAIN LYTTELTON 
N36A5482 FLOW TRACHYTE f1AIN L YTTEL TON 
N36A5508 FLOW Qz -HAWAI ITE MAIN LYTTELTON ~ 
'>I N36A5509 FLOW Oz -HAWAI ITE MAIN LYTTELTON 0 
N36A55I8 FLOW HAWAI ITE MAIN L YTTEL TON 
N3 6A5520 FLOW HAWAI ITE MAIN LYTTELTON 
N36A5531 FLOW HAWAI ITE MAIN LYTTELTON 
M3685563 SI LL Qz -TRACH YTE MAIN LYTTELTON 
-- - _._--........ ...... - ... .. - -
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APPENDIX IV ANALYTICAL METHODS 
X-RAY FLUORESCENCE 
All major element and trace element analyses were obtained using a Philips PW 
1400 X-Ray Spectrometer coupled to a Hewlett-packard 300 computer using 
calibrations set up by S.A Brown and S.D Weaver in the Department of Geology 
University of Canterbury. Comparisons of results for international laboratory 
standards presented as a measure of accuracy of major and trace element 
determinations are presented in tables 5-A and 6-A respectively. 
Sample s were prepared for major element analy ses us ing the method outlined by 
Norrish and Hutton (1969) with modifications after Harvey et al (1973) and 
Schroeder et al (1980). Glass beads were irradiated using a 3 kw Cr-tube 
operating at 50 kv and 50 ma o Loss on ign;t~on was determined at 1000'C and 
may be positive (high H20, C02 etc.) or negative (high FeO , low H20 etc.). 
Tra ce element analyses were obtained on 50 mm pressed-powder pellets prepared 
from powdered rock bonded with 7% aqueous solution of polyvinyl alcohol. 
Pellets were analyzed for Zr, Nb, Ba, Ni, Cr, V, Nd, Ce, La, and Zn using a 3 
kw Au tube, and for Y, Rb, Sr, Ga, Pb and Th using a 3 kw Mo tube. Both tubes 
operated at 90 kv and 30 rna. Mass absorption corrections were applied using 
Compt on t ube li nes and coeff ici ents cal cul ated f rom ma j or el ement analyses. 
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APPENDIX V MAIOR ELEMENT ANALYSIS AND C.I . P.W . NORMS 
[1] General 
Total Fe was determi ned by XRF and expressed as total FeZ03' For t he purpose s 
of CIPW norm calculations FeZ03 and FeD were calculated assuming FeZ03/ FeO=O.3 
The CIPW Norm calculation was carried out using the GPP J~omputer program. All 
major elements analyses and C. I.P.W No rms are in Wt. % . . I 
[2J Normative minera7s:-
Q Quartz Di Diopside 01 Olivine 
Or Orthoclase Wo Woll astonite Fo Forsterite 
Ab Albite Hy Hypersthene Fa Faya 1 ite 
An Anorthite En En statite Mt Magnetite 
Ne Nep heline Fs Ferros i 1 ite 11 Il menite 
Lc Leucite Ap Apat ite 
C Corundum 
[3J Definitions for abbreviations 
D.I = Di fferen t i ati on Index = Q + Or + Ab + Ne + Ks + Lc 
P. R = P7 agi oc7ase Rat i o = (100 An) / (An + Ab) 
Mafics = 100 (FeD + FeZ03 ) I (FeZ03 + FeD + MgO ) 
Kunos = (100 Mgo) I (MgO + FeO + Fe Z03 + Na ZO + KZ O) 
Fe as Z+ = (FeZ03 I 1. 111) + Fe Z03 + MnO 
A7ka7i = NaZO + KZO 
Na I K Ratio = NaZO I KZO 
Fe7sic = 100 (Na + K) I (Na + K + Cal 
Colour = 01 + Di + Hy + Mt + 11 + Hm 
Di= Wo + En + Fs (Oi) 
Pyx = Py roxene 
FeZ I MgZ = 100 Mg / (Mg + FeZ+) 
Fe3+ FeZ+ Ratio = FeZ03 / FeO 
P7ag = An +Ab 
07 = Fa + Fo 
Hy = En + Fs (Hy) 
Plag= Plagioclase 
Thi s appendix contain s two tables . Table SA shows International standa rd 
results and table 58 give s major element analyse s , C.I.P .W. normative 
mine ral ogy, selec t ed r at io s, and chemi cal dat a of samp les f rom Lyttelton 
volcano . 
\ ; 
Gil NIM - G CA G-2 CSP- l NH-(-S SY-2 AGV -l 
Re c Ana l Rec Anal Rec An al. Rec Anal Re c Anal Rec Annl Rec Anal Rec Anal 
S i.Oz 75 . 85 75 .2 fl 75 .7275.911 69.96 70. 01 69.19 69.35 67 .3 1 68 . 10 63.65611 . 211 60.09 59.70 59 .7 2 59 . 57 
'r i Oz . 08 . 08 . 09 .10 .3!.! . ]6 0 . 50 .118 . 66 . 66 . OIl .05 . 15 . III 1. 05 1. 05 
A l z 0 ) 12 . 5112 . fI Sl 12 .0 9 12.18 Ifl.51 1l1. 69 15.]5 15.2H 15 . 19 15 . 22 17.37 17.36 12 . 1512.02 17. :U 17. Oil 
Fe ZO) 1 . ] fl 1. ] 6 2 . 02 2 .00 2.83 2.7 3 2. 62 2.66 fl .3 1, fl .32 1. 110 1 . Iii, 6 .2 9 6. "!.7 6 . ti8 6.8 t 
t-I nO . 05 .06 . 02 . 01 . 09 . 08 . Oil .0] . Oil . 01 .01 .01 . 32 . 32 . 1 U .U ~ 
/'-1 gO . 03 .0 6 . Oil .0 9 .95 . 95 .77 .7 5 .9 6 .99 . fl6 . 115 2.69 2.70 1. 55 1. 5] 
Ca D . 69 .n . 78 .7 9 2. liS 2. fl5 1. 98 1 . 911 2.0 2 2.02 . 66 .70 8 . 00 ·8.01 5 . 00 5.UO 
Na zO 3 . 85 3.8 6 3 .30 3.3fl 3.55 3.5 2 11.06 II . 10 2 . 80 2 . 85 . 112 .37 I, .35 11. 25 fl . 31 11.12 
KzO fl . 76 II. 75 5 . 00 5 . 06 fl. 03 fl .06 fl. 52 fl . f,9 5 . 53 5.58 15.3!:! 15.15 fl. 51 fl . fl f, 2.<)) 2.<)U 
P zOs . 01 . 01· .02 .02 0.12 . 13 O. III . 1 fl . 28 . 29 .1 2 .11 . Il il . i,2 . 50 .5 0 
LOI . 11 7 .11 . 82 . 38 . 63 .63 .77 . 7i, 
TOTAL 99 . 11 99.6 3 99.8 0 99.61 100.68 100.50 99.03 99.39 
H- l Nn1-N NIM-L PCC -l DTS-l MRG-l NIM - D BR 
Re c Ana l Rec Anal Rec Ana l Rec Anal Re c Anal Rec Anal Rec Anal Rec Anal 
Si Oz 52 . 72 52. 7J 52 .5 6 52.66 5 2 . II 5 5 2 . fil i,2.15 Iil.81 II 0 . 68 I, 0 . II 5 39 .21,39.08 38.8838.119 38.39 38.76 
'r i Oz 1. 07 1. 07 . 20 .20 . 1, 9 . 49 . 01 .02 . 01 .01 3. 75 3 . 72 . 02 .03 2.61 2 . 65 
Al z0 1 Iii . 8 7 1 5 . 1 3 1 6 . 5 II 1 6 . 63 1 3 . 5 9 1 3 . 5 II .n . 72 .2 9 .29 8 . 56 8.4il .32 .39 l U. 25 10 .13 
Fe Z0 1 11.10 11.1 5 8 . 87 8.95 9.911 9.9 8 8.21, 8.22 8 . 61 8.68 17.79 17.83 16.97 16.86 12.91,12.92 
t-I nO . 17 . 20 .18 .18 .76 .7 9 . 12 . . 12 . 11 . 12 .17 .15 .22 .23 .20 .20 
NgO 6 . 63 6.6 6 7 .118 7.46 .28 . 33 113. 63 112 .31 II 9 . 8 3 II 8 . 58 13 .5 113.119 43.56 42.26 13.35 13.:U, 
Ca D 10 . 98 10.9 8 ll. f,611.57 3. 2fl 3 . 1 fl .53 . 55 . 15 . 15 ·If,.72 lli . 72 .28 .29 13 . 87 D.!:!i, 
Na zO 2 . 15 2.1 5 '1. . il6 2. il7 8.30 8. il5 . 01 . 03 .0 1 . 03 .71 .58 .05 .05 3 . 0 7 2.90 
KzO .6 fl .6 3 .25 . 211 5. 116 5. i,3 . 00 .00 .0 0 . 00 .18 . 18 .01 . 00 LId 1.] 7 
1' zOs . 1 II . 13 . 03 .OJ . 06 . 06 .0 0 . 01 . 00 .01 . 07 .07 .02 . 02 1. OS 1. 07 
LOr . 38 .15 2.5 9 fl. U 1 . 22 .8f, .7 8 2 . f,O 
TOTAL 100. 11 6 100.211 97.1 9 97.7J 98.05 99 . 10 97.83 99. fll) 
Table 5 .A 'fab le -.l. of Intern ational l abratory standard r e sults to demonstrate accuracy. \'N 
\.N 
Hec Hecommended value (Abbey, 1983) 
Anal Analysed value, Department of ~ e o l ogy , University of Canterbury. 
AP PENDIX 5B MAJOR ELEMENT CHEMISTRY, SELECTED CHEMI CAL PARAMETERS AND C.I.P .Y NORMATIVE MINERALOGY . 
-- --- -------------- - ---- ------------- - - ----------------------- - --------- ------ ----- - --------.---- - --- - ------------------------------ - -
SAMPLE/DATA M36B2072 M36B2091 M36B2117A M3682151 M3682162 M36B21 63 M3682164A M36B2164B M36B2164C M36B2652 
--- ------------ -- --- ------------------------- ------ -- ----------------------------- ----------------------------------.-----------------
Si02 50. 76 48.52 48 . 21 59.71 51.05 49.50 49.66 54 . 19 50.82 59. 47 
Ti02 2. 20 2.97 2.38 0.88 2.76 2.62 3.08 1.62 2.55 1.20 
Al203 16.16 18.90 19. 69 18.29 16.15 18.66 16.06 18.13 15.86 18.24 
t Fe203 12. 22 11 .88 9.93 6.56 11.91 11.39 12.76 8.99 12.94 5. 97 
Fe203 2. 60 2.52 2. 11 1. 74 2.53 2.42 2.71 1.91 2.75 1.58 
FeO 8.66 8.42 7.04 4.34 8.44 8.07 9.04 6.37 9. 17 3. 95 
MnO 0.20 0.13 0.12 0.16 0.12 0. 10 0.20 0.15 0.28 0. 12 
MgO 2.98 2.76 2.38 0.93 4.08 3.10 3.50 2.19 2.79 0. 45 
CaO 6.80 8.61 9.61 2.83 8.16 10 . 02 8.40 5.37 7.06 3. 27 
Na20 4. 91 3.32 3.51 7.01 3.40 3.43 4.18 5.63 4.57 5.54 
K20 1. 94 1.06 0.96 3.72 1.49 0.80 1.43 2.65 1. 76 3. 66 
P205 0.86 0.47 0.43 0.25 0.53 0.35 0.71 0.56 0.91 0. 33 
LOI ' 0.66 0.79 2.25 0.34 0.41 1.49 1.08 0 .49 1. 71 2. 53 
- ------------ - -- --- -----------------------_.- - --- . ----------------------------- -- - --- -- --- .-----.- ----- ------ ---- -- ---- -------- . -
TOTAL 98.37 99.42 99. 45 100 .67 100.05 101.46 101.06 99.98 100.70 100 . 78 
Alkal i 6.85 4.38 4.47 10.73 4.89 4. 23 5.61 8.28 6.33 9. 20, 
Na/K 2. 53 3.13 3.66 1.88 2.28 4. 28 2.92 2.12 2.60 1.51 
Felsic 50. 18 33 . 72 32.80 79.13 37.47 29 . 68 38.19 60.66 47 . 27 73. 78 
Mafic 79 .07 79.51 79 . 34 68.24 72.89 77 . 19 77 . 05 79.08 81.03 92. 47 
Kunos 14 . 13 14.94 14.88 4.76 20.77 17. 40 16.79 11.68 13.26 2. 96 
Q 1.85 0.25 2. 67 1. 03 4. 62 
or 11. 76 6.45 6.03 22.08 . 8 .97 4.80 8.59 15.92 10.62 22. 17 
ab 41. 66 28.92 30.93 55.02 29.31 29. 45 35.96 46.00 39 .51 48. 08 
an 16.75 34.53 36.53 7.49 24.87 33. 65 21. 19 16.65 17.95 14 .43 
ne . 0 . 53 2.48 1.33 
c 0. 01 
di 10.08 5.21 8 .46 4.24 10.54 11. 96 13.60 5.60 9.84 
hy 12.25 8.79 13.22 9. 59 4.24 7.55 5. 63 
ol 8.97 4.35 4.73 7.19 3.29 
mt 4. 00 3.90 3.32 2.10 3.87 3. 69 4.14 2.92 4.22 1. 95 
i l 4.30 5.82 4.72 1.68 5.35 5. 06 5.96 3.14 4.96 2.36 
ap 1. 94 1.06 0. 98 0.55 1.19 0.78 1.59 1.25 2.05 0.74 
. --- -- ---- - -- - -- - ------------ - -------- _.---- -- ---------- --- -------- -- ----- -- ------ ------ --- -------- - ---- --- ------- -_.--------._--
Total 100. 00 100.00 100.00 100 . 00 100.00 100.00 100.00 100.00 100.00 100. 00 
--- - - --- -- - -- -._------- ---- ----------------- ----- -- -.---- ------.--- ------- -- --- -.- -------._----------------------------------- --- -
D. I 53. 95 37.22 37.21 79.58 40.95 35.28 44.55 63.25 50.13 74.87 
Colour 27 .35 27.18 26.27 12 .37 32.98 30 .30 32.67 18.85 29.86 9. 94 KEY: - Ba = BASALT 
Pyx . 10. 08 17.46 17.25 4 .24 23.76 21 . 55 17.84 5.60 17.39 5.63 Ha = HAYA lITE 
Pl ag. 58.41 63.45 67.46 62 .. 51 54.18 63.10 57.15 62.65 57. 46 62 . 51 Be = BENMORE ITE 
P. R 28 .68 54.42 54. 14 11 .98 45.90 53. 33 37.08 26.58 31.24 23.08 Mu = MUGEAR I TE : 
=================================================================================================================================== 
TR = TRACHYTE 
Name Ol-Mu Ba 8a Ne-T r QZ-Ha Ba Ol-Ha Ol-Mu Ol-HA Oz-Be ~ \)-J 
--- - ------ - -- - -- . _-- --- ------ - ------------------ ---------- . - -------------- ----- ----- --------.--------- -----. -- ------------._------- +=-
---- - ------------------------- - ------ - --------------------------- - -- - - - ------------- - ------------------------------ -
M36B2659 M36B6a M36B24 M36B29 M36B31 M36B33 M36B37 M36B46a M36B48a M36B49 M36B50d M36B53 M36B56 
-- - - - -------------------------------- -- - - ----------------- - ----- -- -- - - - ---------------------------------------- - --- -
Si02 38.68 61.18 47.13 48.46 49 .26 51.09 51.79 56 . 87 51.54 49.02 60.71 61.40 66.79 
Ti02 1.99 0.28 2.11 3.18 3 .03 2.13 2.38 1. 61 2.29 3.14 0.56 1.1 4 0.46 
Al 203 15. 35 18.06 13.49 16.54 17.41 16.10 15.94 15 . 85 15.44 15.71 18.09 18.19 15.70 
t Fe203 28. 26 5. 04 13.00 12.41 12.20 11.76 11.34 9 . 90 12 .35 13.23 5.69 4.55 3.77 
Fe203 6. 00 1.33 2.76 2.64 2.59 2.50 2.4 1 2. 62 2.63 2.81 1.59 1.20 1.00 
FeO 20. 02 3.34 9.21 8.80 8 .65 8.33 8 .34 6.55 8.75 9.38 3.77 3.01 2.50 
MnO 0. 33 0.13 0.18 0.19 0.17 0.20 0.30 0. 14 0.19 0.19 0.08 0. 08 0.02 
MgO 1.1 8 0.35 9.89 4.16 2.94 2.98 3 .26 1. 12 2.29 4.27 0.46 0.77 0.29 
CaO 5. 78 1.13 8.80 8.94 9 .50 6.72 7. 11 4. 04 6.50 8.71 1.52 4 .02 1.1 9 
Na20 2. 78 7.41 2.69 3.71 3 .74 4.53 4 .81 4. 80 4.61 3.98 6.13 5.65 5.24 
K20 0. 62 5.29 1.11 1.21 1. 24 2. 09 2.02 2 . 90 1.98 1.33 4.76 3.83 4.68 
P205 0. 40 0.06 0.42 0.59 0.55 0.83 0.91 0. 55 0.99 0.64 0.15 0.32 0.08 
LOI 4. 97 0.66 0.80 1.03 1. 16 1.10 -0.36 2. 20 0.76 1.36 1.16 0.90 0.90 
- ------------------------------------------------ ---- --- - --- - ----- - ------------ -- ------- - -------------------------------------- - --- -
TOTAL 100. 34 99.59 99.62 100.42 101. 20 99.53 99 .49 99. 98 99.58 101.58 99.31 99.04 99.1 0 
- --------- -- ---- --- -------------------- - --------- ---- -- - ---- - ---- - -------------- - --- - ------------------------------ - ----- -- --------
Alkal i 3 . 40 12.70 3.80 4 .92 4. 98 6.62 6 .83 7.70 6.59 5.31 10.89 9.48 9.92 
Na/k 4. 48 1.40 2.42 3 .06 3 . 01 2.16 2.38 1.65 2.32 2.99 1.28 1. 47 1.1 1 
Felsic 37. 04 91.83 30.16 35.50 34 .39 49.63 49.00 65 . 59 50.34 37.87 87.75 70.22 89.29 
Mafic 95 . 66 93 . 02 54.76 73.33 79 .27 78.42 76 .95 89 .1 2 83.25 74.06 91.97 84 .59 92.35 
Kunas 3. 86 1.98 38.54 20.23 15 . 34 14 .57 15.64 6 .24 11.30 19.61 2.77 5. 32 2.1 2 
a 6.48 1.03 4.77 14.55 
or 3 . 98 31.79 6.75 7.31 7. 44 12 .74 12.13 17.75 12.03 7.97 28.86 22 . 47 28 . 28 
ab 25. 58 52 . 04 23.43 32.09 32.13 · 39.55 41 .37 42.07 40.12 34 . 10 53.23 48 . 11 45.35 
an 28. 34 0.40 22.09 25.46 27.47 17.98 16.20 13. 61 16.04 21.44 6.73 13.04 5.5 0 
ne 6.36 
c 0. 60 0.46 0.04 
d i 4.27 16.12 13.06 13 . 87 9.01 11. 26 2.93 8.74 . 14.93 4. 13 
hy 9. 23 7.26 5.90 6.79 6.18 2.09 9 . 45 11.14 2.79 6. 39 2.82 3.97 
a l 17. 38 2.83 14.99 4.61 1.28 4. 60 6.62 1. 15 6.99 
mt 9.81 1.64 4.27 4 . 05 3. 95 3.87 3.68 3. 27 4 .05 4.29 1.86 1.46 1. 23 
i l 4. 12 0.54 4.14 6 . 19 5. 86 4 .18 4. 61 3.18 4.48 6.07 1.09 2.18 0. 90 
ap 0. 96 0.13 0.95 1.33 1. 23 1.88 2.04 1. 25 2.24 1.43 0.34 0.71 0. 18 
- --------- - ----- -- ----------------------- - - -- ---- --- -------------------------------------- . ------------- - --------- - --------------
Total . 100 . 00 100.00 100.00 100. 00 100 . 00 100.00 100.00 100 . 00 100.00 100.00 100.00 100 .00 100. 00 
-- --------- - -- - -- - - - ------- - ---------------------- ---- ---- - -- --- ---- - ----------- - --------------------------------------------------
0 .1 29.56 90.19 30.18 39. 40 39 . 57 52.29 53 . 50 66 .30 52.15 42.07 83.12 75.65 88.1 8 
Colour 40. 54 9. 28 46.78 33.81 31.75 27.84 28.26 18. 83 29. 56 35 . 07 19.34 10.59 6.1 0 
Pyx . 9 . 23 4.27 23.38 18. 96 20 .66 15.19 13 .35 12 .38 19.88 17.22 6.39 6 .95 3. 97 
Plag. 53.92 52.44 45.52 57.55 59 . 60 57.53 57.57 55. 68 56.16 55.54 59 .96 61.15 50.85 




Name Fe-ALTE RO Ne-Tr OL-Ha Ol-Ha Hy- Ha Ol-Ha a L- Mu QZ- Be Mu al oHa Tr Tr Qz-T r 
---~------ - ---- .- - - ---------- ~- - - --- -- - - -------- -- -- - - -- - - - -- -------- -- ----- -- - --- ---- -- ----------- --- -- - -------------------------
---.----- ------- ------ ---- ---~----------- ----- -- - ----- ---- ----- ---- - -- --- - ---------- --- - ------ - ------------- - ----- -
M36B60 M36B61a M36B3250 M36B3271 M36B3272 M36B3281 M36B3286 M3683572 M36B3677 M36B3678 M36B4003 
---- - - ---- ----- - ----------- - -------- --- ------- -- - . -- --- --- -------- -- - ----------------------------------------------
si02 66. 54 62.66 59.78 48. 33 49.55 64.31 51. 17 67.02 62.50 50.39 65.80 
Ti02 0.47 0.38 1.26 3.05 3.08 0.87 2.33 0.46 1.05 2.90 0.48 
AL203 15. 47 18.33 16.84 17. 43 15.64 16.37 16 .25 16.12 16.18 18.58 16.69 
tFe03 4.87 4.62 7.86 12.26 13.56 5.66 12.02 3.63 6.48 10 . 40 4.03 
Fe203 1.29 1.22 2.08 2.61 2.88 1. 50 2.56 0.96 1.72 2.21 1.07 
FeO 3. 22 3.06 5.20 8. 69 9.61 3.75 8 .52 2.39 4.29 7.31 2.67 
MnO 0.09 0.05 0.05 0. 18 0.17 0.05 0.1 8 0.03 0.03 0.16 0.03 
MgO 0.18 0.22 0.85 3. 43 3.63 0.39 3 . 03 0.22 0.43 2.56 0 . 11 
CaO 1.13 0.83 3.72 9. 01 8.09 2.77 7.37 0. 87 2.58 9.00 1.66 
Na20 5.38 6.57 4 .58 3.80 4.02 4 .20 4.39 5.62 4.81 3.99 5. 14 
K20 4.69 5.25 3. 12 1.17 1. 50 3.95 1.73 4.65 3.55 1.37 4.28 
P205 0.08 0.08 0.45 0.52 0 .73 0.22 0.95 0.08 0.31 0.61 0. 12 
LO! 1. 16 0.33 1. 06 0.46 0.45 1.51 0.59 1. 79 1. 13 0.28 0.57 
-------------- ---- -- ----_ ._---------- .. ---------- - --- - ------ - -------------- - -- --- ----------- - -------- - ---- --- --------- ------- --
TOTAL 100.07 99.33 99.58 99. 64 100 .43 100. 30 100 . 00 100.50 99.06 100.25 98 .90 
--------- - -- - -- - - - ------ - ------------ ----------------------- -- --------- ---- - -- --- ------------------------- - --------------------
ALkaL i 10.07 11.82 7. 70 4.97 5.52 8 .15 6.12 10.27 8.36 5.36 9 .42 
Na/K 1.14 1.25 1. 46 3.24 2.68 1. 06 2.53 1.20 1.35 2.91 1.20 
FeLsic 89.91 93.44 67. 43 35.55 40. 56 74.63 45.37 92.19 76.42 37.33 85 . 01 
Mafic 96.84 95.11 89.54 76.71 77.48 93 .08 78.53 93 .84 93.32 78.81 97.14 
Kunos 1. 14 1.35 5. 37 17.41 16.77 2. 83 14 .98 1.59 2.91 14 .68 0. 83 
Q 13.26 0.56 10. 73 17.17 13.44 13.78 0.31 14.92 
or 28. 18 31.51 18. 90 7.08 9.02 23 .79 10.44 27.95 21.59 8.21 25. 84 
ab 46.30 56.49 39. 74 32.93 34.62 36 . 23 37.96 48 .39 41.91 34.23 44. 45 
an 4.28 3.65 15.91 27.70 20.56 12.54 19.95 3.86 11.09 29.1 4 7. 2 
ne 
c 0.53 0. 25 0. 69 0.46 0. 49 0. 89 
di 0.78 12.04 12 .77 9.20 9.98 
hy 4.53 4.85 8. 42 4.22 7.70 5 .56 10.97 3.64 6.24 7.80 3. 77 
ol 4.90 3 .31 0.88 
mt 1.58 1.50 2. 57 4.01 4. 40 1.84 3. 92 1. 18 2.13 3.37 1. 31 
iL 0.91 0.74 2. 46 5.95 5.97 1.69 4.53 0.89 2.06 5.60 0.93 
ap 0. 18 0.18 1. 02 1.1 7 1.63 0 . 49 2.14 0.18 0.70 1.36 0.27 
--- - ---- - -- ------- ------------.---------- - ---- - -- ---------------- --- ---------------- - - -- ------------------ -------- --- --- - - - ----
TotaL 100 . 00 100.00 100. 00 100 .00 100. 00 100 . 00 100.00 100.00 100.00 100 .00 100. 00 
-------- - -- - -- --- ------------------- -- --------- -- - ---- ---- -- ~------ -- --- -- ~- - -- -- --- - --- ----- -- ----~-------- -------------- - --- -
D. ! 87. 74 88.56 69. 37 40.01 43.64 77.19 48.40 89.78 77.28 42 . 75 85.21 
Colour 7.80 7.09 13. 45 31 .1 2 34.15 9 . 09 29.50 5.71 10.43 26.75 6. 01 
Pyx. 5 .31 4.85 8 .42 16.24 20.47 5.56 20.17 3 .64 6.24 17.78 3. 77 
PLag. 50. 58 60 .1 4 55. 65 60.63 55.18 48 .77 57.91 52 . 25 53.00 63.37 52. 07 ~ 
P. R 8 . 46 6.07 28. 59 45.69 37 .26 25 . 71 34 .45 7.39 20.92 45. 98 14.63 \.N 
(J\ 
=============================================================================================================================== 
Name Qz·Tr Tr Qz-Be Ol-Ha OL·Ha Qz-Tr Hy- Ha Qz-Tr QZ·Tr Hy- Ha Qz-Tr 
- ------- --------- - --------- -- -- ------ - -- - ----- ----- --- .---------- -- ----- - --- - -- ----------------------- -- - ------------- - -- - -- - ---
M364009 M364012 M36B4020 M36B4021 M36B4024 M36B4301 M36B4352 M36B4356 M36B4358 M36B4410 
Si02 50 . 64 50.42 52 .02 49.69 . 53.17 47.95 48.32 52 . 55 50.85 64. 45 
Ti02 2.46 2.76 1.99 2.71 1.89 2.65 2.90 2.41 2.52 0.53 
Al203 16.63 15.98 17.46 16 .01 17.82 16.04 17. 65 16.41 17.60 16. 72 
tFe203 11. 89 13.13 10.30 13.01 9.75 12.05 11.74 11.89 12.95 5.73 
Fe203 2. 53 2.79 2.19 2.77 2.07 2. 56 2.50 2. 53 2.75 1.52 
FeO 8.43 9.31 7.30 9.22 6.91 8. 54 8.32 8.43 9.18 3. 79 
MnO 0.17 0.19 0.17 0.22 0.19 0.16 0.15 0.10 0.15 0 .04 
MgO 2.87 3.38 3.42 3.34 1.99 5.28 4.11 3.05 1.73 0.34 
CaO 6.81 7.29 6.75 7.63 5.77 8. 69 9.59 7.40 6.24 1.86 
Na20 4.72 4.24 5.19 4.41 5.18 3. 42 3.34 4.00 3.84 5.14 
K20 1.94 1.71 2.29 1.65 2.26 1. 22 1.06 1.94 1.98 4. 16 
P205 0.87 0.81 0.59 0.79 0.68 0. 57 0.47 0.77 0 .72 0. 14 
La! 0.07 -0.23 0.38 0.44 0.88 1. 53 0.24 0.01 1.19 0. 06 
--------------- - -------------------------- - --- ------ ----- -- ----------------------------- .. ------------------- . ------------ --- ------ - ---
TOTAL 99.07 99.69 100.55 99.91 99.59 99. 57 99.57 100.53 99.75 99. 17 
--------- - ----- - -------------- - ----------------- - --------- - ------------- .. ---------------------------------------------------- -- --- -- --
Alkal i 6.66 5.95 7.48 6.06 7.44 4. 64 4.40 5.94 5.82 9 .30 
Na/K 2.43 2.47 6.63 2.67 2.29 2.80 3.15 2.06 1.93 1.23 
Felsic 49.44 44.94 72.1 4 44 .26 56.32 34.81 31.45 44. 53 48.26 83 .33 
Mafic 79 . 25 78.17 73.43 78.21 81. 78 67.77 72.47 78.23 87.34 93 .98 
Kunos 14.01 15.77 11.25 15.61 10.81 25. 12 21.26 15.29 8.88 2. 27 
Q 2.10 3.10 12.43 
or 11. 76 10.28 13.69 9.97 13.70 7 .47 6.40 11.58 12 .07 24 .97 
ab 40.98 36.52 38.43 38.16 44.98 29 .99 28.88 34 .19 33.52 44.19 
an 18.94 19 .87 17.79 19.45 19.19 25.72 30.70 21.31 25.73 8. 45 
ne 3.25 
c 0.73 
di 8 . 23 9.59 10 . 04 11.61 4.72 12.30 12.10 8.88 1. 15 
hy 2.34 9.59 1.84 5.60 8 .08 9.07 11.77 13.59 6.04 
ol 7. 09 2.71 8.34 7.68 3.39 5.92 2.32 
mt 3.89 4.27 3.33 4.25 3.1 9 3 .99 3.83 3.83 4. 26 1. 86 
il 4.81 5.35 3.83 5.28 3.69 5.23 5.64 4.64 4 .95 1. 03 
ap 1.96 1.81 1.31 1. 78 1.54 1.30 1.06 1. 71 1.63 0.31 
---------------------- -- ----- --- ----------------- ---- ---- -- ---------------- - ---- - --------- - --------------------------------------- - ---
Total . 100.00 100.00 100.00 100.00 100.00 100. 00 100 . 00 100.00 100.00 100.00 
--------- - .. - ----- -------------------- -------------- ---- ----- ----- ------------------- ------- - --------------------------------- - --------
D.! 52.74 46.80 55.37 48.13 58.68 37.46 35.28 47.87 48.69 81_59 
Colour 26.36 31 .51 25.54 30.66 20.59 35.52 32.96 29.12 23.95 8. 93 
Pyx 10 .57 19.18 10. 04 13.45 10.32 20.38 21.17 20.65 14.74 6 .04 
Plag . 59.92 56.39 56.22 57.61 64.1 7 55.71 59.58 55.50 59.25 52.64 
P.R 31 .61 35.23 31.64 33.76 30.00 46 . 17 51.53 38 .40 43.43 16 .05 ~ \.N 
--.] 
==========================================================================~=========================================================== 
Name Ol-Ha Ol-Ha Ne- Ha Ol-Ha Ol-Ha Ol - Ha Ba Hy-ha Hy-Ha Oz-Tr 
----- -- -- - ---- --- ---- - ----- - - - ----------- ---- -- --- ------ --- ------------ - --- -- - - ----------------- ----- -- - -- -- -- - ---------- -- -- - ---- - ---
------------------------------------------- -----------~~~-----
---- - -- - -------- - --- -- - - --- - - - ---- - ----- -- ------------ - - -- - - - - - - -- - ---- - -------------- -- -- - - -- -------------- - ----- - ------- --
M36s4596 M36S4613 M36B4619 M36S4634 M36B4906 M36S4909 M36B5440 M36B5443 N36A5508 N36A5509 
------- ------------- --------- -- --- ------------------ ---- ------ -- ------- ------- ---- --- -------- ------------------------ --------
Si02 52 . 09 61.17 49.65 56.05 51.12 57.52 60.41 48.40 58.44 59 .89 
Ti02 2.61 1.02 2. 67 1.27 2:47 1.16 1.04 2.80 1.40 1.43 
Al203 16.10 16.94 16.39 17.63 16 . 65 17.25 16.39 16.97 15 .81 15. 94 
tFe203 13.59 6.32 12. 42 8.56 12.14 8.1 1 6.30 11.93 8.58 8.56 
Fe203 2.89 1.67 2.64 1.82 2. 58 2.15 1.67 2. 54 2. 27 2.27 
FeO 9.63 4.18 8.80 6.07 8.60 5.38 4.17 8.45 5.68 5.67 
MnO 0. 14 0.12 0.21 0.1 2 0.17 0.1 4 0. 05 0.19 0.07 0.08 
MgO 2.91 1.33 3.27 0.94 2.86 1.32 1.17 4. 23 2.01 2. 68 
CaO 6.99 3.49 7.9 3.30 6.89 3 .83 3.75 9.04 4.44 4 .90 
Na20 4.20 5.38 4.17 5.98 4.80 5.90 3 . 59 3.66 3.78 3 .92 
1(20 2.02 3 . 78 1. 70 3.21 1.99 3.33 3.65 1.19 2.95 3.01 
P205 0.87 0.25 0.87 0.42 0.86 0.38 0.32 0. 57 D.38 0.43 
LOI 0.38 0.34 0.31 2.64 -0.04 2.87 1.34 1.89 0.69 1.15 
- - - ----- -- ---------- - ---- --- - ----- -- --------- - -- --- - ---- -- - ----- -- ---- - --- - -- - -------------- - - - -- - - ---- -------- ----------------- - ---
TOTAL 101 .88 100.14 100.05 100 .13 99.91 101.80 98.00 100.88 98.55 101. 98 
.. ---- - - - - _ .. ------ -- - - -- - - - - _ .. - - - - ----------- - _ .. - --- - - - - --- - -- - - -- ----- - - - .. .. .. - - - - -_ .. --- .. -- - - _ .. -----_ .. -- --- - -- --- - --- --- - -- - - - --- - - -- -
Alkal i 6 . 22 9.16 5. 87 9.19 6.79 9 .23 7.24 4.85 6 . 73 6 . 93 
Na/K 2.07 1.42 2.45 1.86 2. 41 1.77 0.98 3 . 07 1.28 1. 30 
Felsic 47.D8 72 . 41 42.51 73. 58 49.63 70.67 65 . 88 34 .92 6D.25 58 . 58 
Mafic 81.D4 81. 48 75.46 89 .35 76 . 63 85.Dl 83 .31 72.21 79.82 74 . 76 
Kunos 13.44 8.14 17.70 5.22 13.73 7.3D 8.21 21.07 12.04 15.27 
Q 0.68 5.45 15.11 11. 53 10 .29 
or 11.96 22.55 10.23 19.67 11.95 20.09 22 . 49 7. 21 18 .01 17.82 
ab 35 . 62 45.98 35 .96 52.49 41.28 50.99 31 . 68 31.78 33.05 32.25 
an 19.16 11.02 21 .38 12.22 18.31 10.98 17.22 27.05 18.04 17.05 
ne 
c 0. 50 
di 8. 28 4.04 10 . 70 1.64 8.93 4 . 99 12.41 1.80 3.72 
hy 13.06 6.40 3. 61 4.29 1.05 5.85 8.10 5. 40 11.13 11. 45 
ol 6 . 95 3. 38 7.83 1.53 5. 49 
mt 4.35 2.05 4.04 2.83 3.94 2. 64 2.10 3.91 2.83 2. 74 
i l 4. 98 1.96 5.18 2.51 4.78 2.26 2.07 5.47 2.75 2.73 
ap 1.92 0.55 1. 95 0.96 1.92 0 .85 0.73 1.29 0.86 0.95 
------------- ----------------------------- --- ------------------- ---- ------ --- ----------------------- --- -- ------- --- -- ------ --------
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-- - ---- - ----- - ----------- -- -- - ----------------------------------------- - - ---------------------------- -- ----- - ---------- - ----
M36B5563 M36B5766 M36B5768 M36B5772 M36B5791 M36B5792 M36B5805 N36A5822 N36A5824 N36A5826 
------- - - - - - - - - - -- - -------------- - ------ -- -------------- - ----- - -------- - -- - -- - ----------------- -- -------- - - - -- - --- - - - ------ -
S;02 66.99 56.87 50.31 48 .69 56.35 63 .80 48.84 61.65 53 .60 49.58 
Ti02 0 .38 1.17 2.76 2.71 1.24 0.85 2. 89 1.02 1.94 2.75 
Ai203 14.89 16 . 38 15 . 78 16. 70 17.97 16.29 17. 23 15.89 16 . 01 18.01 
tFe203 5.12 9 . 42 12.21 11 .86 7.69 5 . 84 12.04 6.74 10.75 11.22 
Fe203 1.36 2.49 2.60 2.52 2.04 1.55 2.56 1.78 2.29 2. 39 
FeO 3.39 6.23 8 .65 8.40 5.09 3.86 8.53 4.46 7.62 7.95 
Mno 0.05 0.13 0.17 0.17 0.12 0 . 06 0. 15 0.14 0.15 0.18 
MgO <0 . 05 2.53 3.40 4.47 1.75 0 . 83 3.79 1.37 2.53 3.57 
CaO 1.07 5.77 7 . 68 9.36 4.51 3 . 14 9.17 3.83 6 . 05 9.37 
Na20 4.75 3.99 4 . 37 3.78 5 . 39 4. 49 3.67 4.35 4.67 3 .69 
K20 4.71 2. 56 1. 72 1.22 3 . 21 3.74 1.13 3.39 2.43 1. 18 
P205 0.10 0.48 0 . 62 0.57 0.45 0. 27 0.53 0.34 0.79 0 . 56 
LOI 1. 64 0. 37 0.79 0.43 1.65 1.40 1.10 0.73 0.29 0. 00 
---- - - -- - -- -- ---- ------ -- - - -------- - ---- - ------ ------------- -- --- --- - - -- - ----- - --- -- ------------------ -- - - - ------- - --------- - - --- --
TOTAL 99.69 100.23 99.81 99 .96 100.35 100.70 100.55 99.45 99.22 100. 09 
--- ----- ------ -------------------- ----- -- ------ -- ----------------------------- --- ------------ ------- -- ---------------------- - ------
ALkaLi 9.46 6.55 6.09 5.00 8.60 8.23 4.80 8 . 74 7.10 4.87 
Na/K 1.00 1.55 2.54 3.09 1.67 1.20 3 . 24 1.28 1.92 3. 12 
Felsic 89.84 53.17 44.23 34. 82 65.60 77.57 34.36 69.53 54 . 00 34 . 20 
Mafic 98.96 77.51 76.79 70.96 80.29 86. 70 74.58 82.00 79 . 66 74. 34 
Kunos 0.35 14.21 16.43 21.92 10.01 5.74 19.26 8.38 12.95 19.01 
Q 17.50 7.31 14.36 12.49 0.96 
or 28 .56 15.33 10.43 7.35 19.41 22 .41 6.82 20.46 14.72 7. 06 
ab 41.25 34 . 22 37.94 32.63 46 .69 38.54 31.71 37.61 40.52 31.64 
an 4.78 19.49 18.84 25.51 15.67 13 .44 27.78 14.12 15.94 29. 48 
ne 
c 0 .28 
di 5.27 13.30 14. 78 3.54 0 .49 12.44 2.54 7.96 11. 43 
hy 4.99 10.96 3.37 1.27 8 . 25 6 .63 7.63 7.83 10 . 81 8. 55 
oL 5.33 8 .05 0.50 2.88 1. 65 
mt 1.68 3.05 4.00 3.86 2.51 1.89 3.92 2.20 3.52 3. 63 
il 0. 74 3 . 30 5.39 5.26 2.42 1.64 5.62 1.98 3.79 5 . 31 
ap 0 .23 . 1.07 1.40 1. 28 1.01 0 .60 1.19 0.76 1.78 1.25 
-------- - ------------- -- -- ------ - -------- --- --- -- --------------------------- ---------- ---- ------------- ------ -------------------- --
TotaL 100. 00 100.00 100.00 100. 00 100.00 100 .00 100.00 100.00 100.00 100. 00 
- ------- - --- --- --------------- - - - --- - - - -------- - -------- - --- --- ----------- - - - ---------- - --------- - ------ - --- - --------- - -- - ------- - -
0.1 87.31 56.86 48.37 39. 98 66.10 74 . 31 38 . 53 70.56 56.20 38. 70 
CoLour 7 . 41 22.58 31.39 33. 32 17.21 10 .65 32.49 14.55 26.08 30. 57 
Pyx 4 .99 16.23 16 .67 16.05 11.79 7.12 20 . 07 10.37 18.77 19. 98 
Plag. 46 .03 53.71 56.78 58.14 62 . 69 51.98 59.49 51. 73 56 .46 61. 12 
P. R 10.38 36.29 33.18 43. 88 25.00 25 .86 46.70 27.30 28.23 48 . 23 
====== ============================================================================================================================== ~ 
Name aZ'Tr aZ'Ha OL-Ha OL 'Ha Hy· Be Oz -Be OL-Ha Qz-Be Mu Hy -H a \.}J 
- - -~ -- - - - ----. - -- - --- - ------ -- ---- - -- - -- - - - ----------- -- - ---- - --------------- --- -------------------------- - ---- - ----- - ------ -- --- - - - \.D 
.--- -----------------------~--~~.~-- .~- . 
APPENDIX VI TRACE ELEMENT ANALYSES AND RATIOS 
All trace elements analyses are in ppm. The following chemical parameters are 
calculated :-
Ca/Al = CaO/A1203 
Cen/Yn = Chondrite normalized Ce/Y ratio using values of Thompson et al, 1984. 
Ce = .868 ppm, Y =2 ppm 
Co-ordinates for tectonic discrimination diagrams of:-
Pearce and Cann (1973) using Ti1100, 3*Y and lr and Meshede (1986) using 2Nb, 
Y and Irl4 are calculated for basic rocks. 








V 123 116 36 34 260 277 
Cr 12 11 9 11 120 125 
Ni 17 16 5 3 75 72 
Zn 88 84 85 87 84 90 
Zr 230 246 313 322 105 93 
Nb 14 15 12 14 9 9 
Ba 1221 1205 1880 1926 162 116 
La 38 40 86 103 11 <5 
Ce 66 65 159 177 23 23 
Nd 34 34 53 54 15 26 
GA 21 18 23 22 16 18 
Pb 33 40 30 33 7.8 11 
Rb 67 68 170 170 21 21 
Sr 660 663 480 481 190 191 
Th 6.4 6 25 30 2.4 3 
Y 19 21 11 14 25 21 
\ . 
APPEN DIX 6B TRACE ELEMENT ANAL YSES AND CALCULATED PARAMETERS. 
-- --- --- --------------------------- . -- -- ----------------- --.- -- -- ------ -- ------------------------- --- ---------------- ---
M36B2072 M36B2091 M3682 117A M3682151 M36B2162 M36B2 163 M36B2164A M36821648 M3682164C M3682652 
-- - ----------- - - - ------------------------ - ------------------- -- --------- - ---------------------------------------------- -
V 32 180 149 < 3 208 236 155 23 69 51 
Cr 13 43 13 3 64 50 38 7 10 26 
Ni 8 27 18 4 40 42 25 12 8 7 
Zn 122 94 103 81 123 98 126 92 135 89 
Ga 22 23 21 30 20 22 22 29 22 31 
Rb 41 21 16 87 48 18 31 62 40 109 
Sr 610 613 679 296 503 55 1 557 763 512 453 
Y 53 34 27 36 33 28 46 36 53 40 
Zr 328 214 179 516 218 156 270 434 326 494 
'Nb 67 42 34 10 1 38 32 54 87 62 73 
8a 449 116 111 1411 200 88 179 641 303 701 
Pb 4 3 5 11 6 5 5 6 5 13 
La 61 27 28 76 37 22 46 82 54 73 
Ce 110 60 48 131 73 41 88 134 107 124 
Nd 45 32 36 46 37 28 33 46 40 52 
Th 10 5 4 15 7 5 4 14 8 21 
Zr/N b 4.896 5.095 5.265 5.109 5.737 4. 875 5. 000 4.989 5.258 6 . 761 
Zr/ Y 6.187 6 .294 6.630 14.333 6 . 606 5.574 5.870 12.056 6.151 12.350 
Zr/ Rb 8.000 10 . 190 11.188 5.931 4.542 8. 667 8.710 7.000 8.150 4.532 
Zr /T i 0.245 0.012 0.013 0.098 0.013 0. 01 0 0.015 0.045 0.021 0. 069 
Nb/Y 1.264 1.235 1.259 2.806 1. 152 1. 143 1. 174 2.417 1.170 1. 825 
Ti /Y 248 .852 523.688 528.456 146.546 501.407 560. 967 401.410 269.779 288.443 179.853 
K/ Ba 35.869 75 . 860 71.780 21.890 61.847 75. 469 46.386 34.320 48 . 221 43.344 
K/Rb 392.808 419 . 034 498 . 097 354 .965· 257.696 368. 961 267.840 354.827 365 .271 278.75 1 
Rb/ Sr 0.067 0.342 0.024 0.294 0.095 0. 033 0. 057 0.081 0.078 0.241 
Nb/ Th 6.700 8.400 8.500 6. 733 5.429 6. 400 13 . 500 6.214 7.750 3.476 
Cen/ Yn 4.798 4.082 4 .110 8. 412 5.1 15 3.386 4.423 8.606 4.668 7. 168 
*Ca/A l 0.421 0.456 0. 488 0. 155 0.505 0. 537 0.523 0.296 0.445 0.1 79 
Ti / l00 131.892 178.054 142 .683 165.464 157. 072 184.645 152 . 875 
3*Y 159.000 102.000 81.000 99 . 000 84. 000 138.000 159.000 
Zr 328.000 214.000 179. 000 218.000 156. 000 270.000 326.000 
-- ------ ---------- --- ---- ---------------- -- --------- --- --- -- ------ --------- ----- ------- --------- ----- ---------- ---- -- -- -
Ti / 1QO 21 .311 36.039 35 . 433 34 . 296 39. 557 31 . 157 23 .966 
3*Y 25.691 20 .645 20. 115 20.5 12 21. 155 23.285 24.927 
Zr 52.997 43.315 44 .452 45.1 85 39. 288 45.558 51.107 
2NB 49.8 48.9 48.6 46.4 48. 8 48.7 47. 9 
Zr /4 30.4 31.1 32.0 33 .3 29. 7 30.4 31 . 5 
y 19.7 19.8 19.3 20 .1 21.3 20.7 20.5 --" 
.I:: 




M36B2659 M36B6a M36B24 M36B29 M36B31 M36B33 M36B37 M36846a M36B48a M36B49 M36B50d M36B53 M36B56 
------------------------------- - -------------------------------------------------------------------------------------------
V 181 2 190 165 187 33 41 7 35 155 ·1 34 ·1 
Cr 69 9 267 21 10 15 35 8 7 57 9 28 11 
Ni 60 10 242 20 26 12 19 5 3 26 20 16 10 
Zn 201 144 123 112 114 123 148 174 142 123 118 86 137 
Ga 21 35 20 24 24 25 26 30 26 24 31 27 29 
Rb 6 157 22 28 30 49 36 82 45 28 107 116 153 
Sr 501 36 522 522 561 601 603 414 517 558 113 440 148 
Y 42 51 36 34 35 44 49 50 51 38 33 32 35 
Zr 180 1032 184 222 209 307 330 427 332 241 711 500 730 
Nb 30 197 42 51 46 74 76 82 70 59 149 78 95 
8a 129 121 297 203 235 533 493 723 392 253 718 683 761 
Pb 4 18 9 7 7 9 7 10 8 7 13 12 21 
La 28 128 47 31 37 62 71 87 65 44 98 69 89 
Ce 68 212 83 71 82 115 130 164 127 98 151 132 121 
Nd 22 94 45 34 37 64 74 84 65 41 74 66 84 
Th 4 30 5 5 7 9 11 14 8 7 19 19 22 
Zr/Nb 6. 000 5.239 4.381 4.353 4.543 4.147 4.342 5.207 4.743 4.085 4.772 6.412 7. 601 
Zr/Y 4.286 20.235 5.111 6.529 5.971 6.977 6.735 8.540 6.510 6.342 21.545 15.625 20.857 
Zr/Rb 30. 000 6.573 8.364 7.929 6.967 6.265 9.167 5.207 7.377 8.607 6.645 4.310 4 .771 
Zr/Ti 0. 015 0.015 0.012 0.012 0.024 0.023 0.044 0.024 0.013 0.212 0.073 0. 265 
Nb/ Y 0.714 3.863 1.167 1.500 1.314 1.682 1.551 1.640 1.373 1.553 4.515 2.436 2.714 
Ti/ Y 284. 053 32.914 351.380 560.717 519.003 290 .217 219.190 193.042 269.191 495.383 101. 735 213.575 78.792 
K/Ba 39.900 362.938 31.026 49.483 43.804 32.552 34 . 015 33 . 298 41.932 43.640 55.036 46.552 51.053 
K/Rb 857. 833 297.718 418.854 358.748 343.133 354 .089 465.813 293 .594 365.271 394.327 369.305 274.096 253.932 
Rb/ Sr 0. 012 4.361 0.041 0.054 0.053 0.082 0.060 0. 198 0.087 0.050 0.947 0.264 1. 034 
Nb/Th 7.500 6.567 8.400 10.200 6.574 8.222 6.909 5.857 8.750 8.429 7.842 4.105 4 .318 
Cen/Yn 3. 743 9.611 5.331 7.168 5.417 6.043 6.132 7.676 5.758 5.963 10.580 9.536 7.993 
*Ca/A l 0. 377 0.063 0.652 0.541 0.546 0.417 0.446 0.255 0.421 0.544 0.484 0.221 0.076 
T i /100 119.302 126.496 190.644 181.651 127.695 188.247 
3*Y 126.000 108.000 102.000 105.000 132 .000 144.000 
Zr 180.000 184.000 222.000 209.000 307.000 241.000 
------ - - -- ------ ----- ------------ -- --- -- ---- - ------ - -------------------- . ---------- ------------ ------------------ ------ -- - -
Ti/ l 00 26.380 30.226 37.044 36.649 22.533 34.652 
3*Y 29.626 25.807 19.820 21.184 23.293 20.985 
Zr 42 .323 43.967 43.137 42.167 54.174 44.356 
2NB 40 .8 50.6 53.2 51.3 55.0 54.5 
Zr/4 30.6 27.7 28.9 29.1 28.5 27 .8 ~ 
Y 28.5 21.6 17.7 19.5 16.3 17.5 .r:-
._ - ---- - --------------------------------- - -------------------------- - --- - -------------------------------------------------
r\) 
._ ... _-- -.--- -- -- -------------- .- ----- -- ------------------ - -- -------- -- ----.------ ----- - --- - -- - -- -- - -- ----------- --- - - ---
M36B60 M36B61a M36b3250 M36B3271 M36B3272 M36B3281 M36B3286 M36B3572 M36B3677 M36B3678 M36B4003 
----- ------------------------------------- -.--.-- ---- -- ------------------- ---------------------------------------- -------
V 2 0 22 186 150 37 87 < 3 < 3 185 5 
Cr 10 10 6 16 26 3 7 < 3 < 3 42 3 
Ni 10 11 3 20 17 4 8 < 3 3 26 < 3 
Zn 112 104 101 106 124 80 118 109 131 132 83 
Ga 28 31 31 23 26 26 24 32 29 22 31 
Rb 155 157 106 26 71 142 40 147 123 30 134 
Sr 150 38 384 637 563 308 529 141 338 613 252 
Y 55 26 57 38 46 26 50 52 42 35 56 
Zr 692 867 418 21 8 280 424 302 713 476 239 575 
Nb 96 127 53 44 58 40 53 92 62 48 62 
Ba 757 384 635 174 283 757 310 808 662 173 790 
Pb 15 19 14 5 4 35 7 27 15 5 19 
La 87 104 112 34 50 55 53 100 76 45 90 
Ce 162 149 144 69 91 99 105 163 118 72 141 
Nd 83 61 80 32 39 52 42 70 54 41 66 
Th 23 32 16 5 6 20 6 23 17 6 21 
Zr/Nb 7. 208 6.827 7. 887 4.955 4.828 10 . 600 5.698 7.750 7.677 4.979 9 . 274 
Zr/Y 12 . 582 33.346 7. 333 5. 737 6. 087 16.308 6.040 13.712 11.333 6.826 10.268 
Zr/Rb 4. 465 5.522 3. 943 8.385 3.943 2.986 7.550 4.850 3.870 7.967 4.291 
Zr/T i 0.246 0.381 0. 055 0.012 0.015 0 . 081 0.022 0.259 0.076 0.014 0. 200 
Nb/Y 1.745 4.884 0. 930 1.1 58 1.261 1.538 1.060 1.769 1. 476 1.371 1. 107 
Ti/Y 51. 231 87.620 132.523 481.184 401.410 200.605 279. 371 53.034 149.877 496.736 513 .864 
K/Ba 51.433 113 .498 40. 789 55 .821 44. 001 43.318 46.328 47.775 44 .51 8 65.741 44.976 
K/Rb 25 1. 191 277.602 244.349 373 . 573 175. 386 230 . 925 359.044 262.602 239.599 379.107 265. 156 
Rb/S r 1.033 4. 132 0.276 0. 041 ·0.1 26 0.461 0. 076 1.043 0.364 0.049 0. 532 
Nb/Th 4.174 3.969 3.313 8.800 9.667 2. 000 8 .833 4 . 000 3.647 8.000 2.952 
Cen/Yn 6.810 13.250 5.841 4.198 4.574 8 . 804 4.855 7.248 6.496 4 .756 5.821 
*Ca/Al 0.073 0.045 0.221 0. 517 0.417 0.169 0.454 0.054 0.159 0. 485 0.099 
T i!1 00 182.850 184.650 139 .685 173.857 
3*Y 144.000 138. 000 150 .000 105 . 000 
Zr 218.000 280 .000 302.000 239.000 
-- --- -. - - . - -- ------ - ---- --- -- - -- - -- -- - - - -. --.- -- -- -.-- - -_ .. --- - -- - -- - -- - - - - -- ---- -- ----------------- - -- -_ .. _-_. --- - -- - _. - ---
Ti/ l00 35. 515 30.640 23.608 33 .572 
3*Y 22 . 142 22 .900 25.351 20.276 
Zr 42.342 46.462 51.041 46.152 
2NB 48.7 50.0 45 .7 50. 3 
Zr/4 30.1 30.1 32.6 31.3 
Y 21.0 19.8 21. 5 18.3 
--> 








------------ -- ----------------------------- ---- --------------------------- ---- ---------------------- - --- --- -------------
M3684009 M3684012 M3684020 M36B4021 M3684024 M36B4301 M3684352 M3684356 M3684358 M36B4410 
---- -- ---- ---- ----------------------- ------ -------- --------- --- ----- ------- --- -- ------ -- ---- --------- ---- ------- ----- ---
V 70 105 73 113 35 148 190 113 100 11 
Cr 11 12 51 16 7 99 37 5 6 < 3 
Ni 14 18 34 18 8 75 30 9 12 < 3 
Zn 118 126 96 126 106 103 85 116 122 68 
Ga 25 24 26 26 30 20 28 24 32 26 
Rb 40 36 59 38 54 27 26 48 48 133 
Sr 626 579 738 597 591 524 564 506 486 276 
Y 55 60 39 63 50 39 31 44 40 35 
Zr 345 302 372 304 389 237 203 296 313 556 
Nb 69 62 68 62 74 45 40 52 57 59 
8a 395 325 569 322 522 159 114 337 353 757 
Pb 9 4 9 4 4 3 2 6 9 23 
La 79 61 69 69 80 36 27 51 54 73 
Ce 102 94 121 102 127 77 59 99 104 133 
tid 57 46 47 53 57 38 28 50 44 56 
Th 13 10 13 7 13 5 6 8 8 19 
Zr/Nb 5.000 4.871 5.471 4.903 5.257 5. 267 5.075 5.962 5.491 9.424 
Zr/Y 6.273 5.033 9.538 4.825 7.780 6 . 077 6.548 6.727 7.825 15.886 
Zr/Rb 8.625 8.389 6.305 . 8.000 7.204 8.778 7.808 6.167 6.521 4.180 
Zr/T i 0.023 0.018 0.03 1 0.019 0.034 0.015 0.012 0.020 0.021 0.175 
Nb/Y 1.255 1.033 1.744 0.984 1.480 1.154 1.290 1.182 1.425 1.684 
Ti/Y 268.144 275.774 305.903 257.884 226.614 407. 358 560.830 328.367 377.690 90.783 
K/8a 40.772 43.679 33.41 1 42.539 35.945 63.698 77.190 47.790 46 .564 45.624 
K/Rb 402.628 394.327 322.215 360.465 347.439 375.110 338.450 335.523 513 . 662 259.659 
Rb/SR 0.064 0.062 0.080 0.064 0.091 0. 05 2 0.926 0.095 0.098 0.482 
Nb/T h 5.308 6.200 5.231 8.857 5.692 9.000 6.667 6.500 7.125 3.105 
Cen/Yn 4.288 3 . 622 7.174 3.743 5.873 4 . 565 4.401 5.202 6.012 8.786 
*Ca/Al 0.410 0.456 0.387 0.477 0.324 0.542 0.543 0.451 0.355 0.111 
Ti/l 00 147.480 165.464 119.302 162.467 113 . 307 158. 870 173.857 144.482 151.076 
3*Y 165.000 180.000 117.000 189.000 150.000 117. 000 93.000 132.000 120.000 
Zr 345.000 302.000 372.000 304.000 389.000 237. 000 203.000 296.000 313.000 
---- - - ------- ---------- --- --- ---- ---- ---------- - ------------------------ - ------- - ---------------------------------------
T i 11 00. 22 .431 25.556 19 .61 2 24.786 17.370 30 . 977 37.002 25.238 25.866 
3*Y 25.096 27.801 19.234 28.834 22.995 22. 813 19.793 23.058 20.545 
Zr 52.473 46.643 61.154 46.380 59.634 46. 211 43.205 51.705 53.590 
2NB 49.4 47.7 50.7 47.1 50 . 1 47. 8 49.4 46.8 49.0 
Zr/4 30.8 29.0 34.7 28.8 32.9 31.4 31.3 33.3 33.6 
•• CI Y 19.6 23.0 14.5 23.9 16.9 20.7 19 . 1 19.8 17.2 
..j::" 
---- - -- ----- --------------------------------- - ------- --- --- --- - - ------------------- - ------------ --- ----------- ---------
..j::" 
--- - -~ - --~- ~- -~ ~- -- -- --- - --------- - ------~----- ~ ------ ---- -- -- - -- - - - -- - - - --- -- ------ - - - ------ - -- - ------ - ------------ - - ----
M36B4596 M36B4613 M36B4619 M36B4634 M36B4906 M36B4909 M36B5440 M36B5443 N36A5508 N36A5509 
--- - ----- ---- -- -- --- --- -------- - ---- -- ---------------- ---- --- -- ----------- ------- ------ ---- ---- ------ -- -- -- ----- ---- ---- --
v 111 39 98 21 63 12 64 166 87 92 
Cr 32 26 20 6 8 6 8 50 65 37 
Ni 25 23 21 7 13 7 9 39 25 27 
Zn 146 75 117 11 2 113 99 85 106 89 89 
Ga 25 28 19 29 24 33 27 24 34 27 
Rb 54 118 35 85 41 92 113 25 103 103 
Sr 508 377 659 452 619 423 358 577 412 385 
Y 59 42 51 33 52 37 39 35 39 33 
Zr 338 495 298 493 354 509 403 237 311 316 
' Nb 58 68 66 81 71 88 42 44 35 35 
Ba 670 674 386 682 374 679 749 149 627 596 
Pb 6 22 5 13 5 16 20 5 14 18 
La 76 67 56 75 62 69 66 39 62 51 
Ce 106 116 105 136 111 121 115 66 87 95 
Nd 58 54 51 51 50 47 56 40 54 48 
Th 8 21 7 15 10 20 18 5 16 16 
Zr/Nb 5.828 7. 279 4 . 515 6 .086 4 .986 5 . 784 9.595 5.386 8.886 9.023 
Zr/Y 5.729 11.786 5. 843 14 .939 6 .808 13.757 10 .333 6 . 771 7.974 9.576 
Zr/ Rb 6.259 4. 195 8. 514 5.800 8.634 5 .533 3 . 566 9.480 3.019 3.068 
Zr/Ti 0.022 0.081 0. 01 9 0. 065 0 .024 0.073 0.065 0 . 041 0.037 0.037 
Nb/Y 0.983 1. 619 1. 294 2. 455 1.365 2 .378 1.077 1.257 0.897 1.061 
TilY 265.206 145.595 313 . 860 230 . 720 284. 766 187 . 954 159.869 479 . 607 215.208 259.787 
K/Ba 25.029 46 . 558 36. 562 39 . 075 44.172 40.713 40.455 66 .301 39.057 41 . 926 
K/R b 310 . 542 265 .933 403. 221 313 .508 402.932 300.482 268 . 149 395.157 237 . 765 242 . 600 
RB/Sr 0.106 0 .313 0 .053 0 . 188 0. 662 0 . 21 7 0 . 316 0.043 0.250 0 . 268 
Nb/Th 7. 250 3.238 9. 429 5 .400 7 .100 4.400 2.333 8.800 2. 186 2.1 86 
Cen/Y n 4 . 154 6 .386 4.760 9 . 529 4.936 7. 561 6.818 4 .360 5 . 158 6 . 656 
"Ca/A l 0 .434 0.206 0. 482 0.1 87 0. 414 0 . 222 0.229 0.533 0.281 0.307 
T i /100 156 .472 160 . 069 148 . 079 69 . 543 167.862 
3*Y 177.000 153. 000 156.000 111 . 000 105.000 
Zr 333 . 000 298 .000 354 . 000 509 . 000 237.000 
---- - - - -- - - - --------- - ---------- - --- - - - - - - - - -- -- - ------ -- - - - - ---- - ---- - -- - - - ----------- - -- ----- -------- -- - - ------- - ----- -
Ti/ l00 23.303 26. 195 22 . 502 10 . 085 32.923 
3*Y 26.360 25. 038 23 . 705 16 . 100 20.600 
Zr 50.337 48. 767 53.800 73 . 820 46 .483 
2NB 44.7 51.2 50 .2 51.7 48.2 
Zr/4 32.5 28 .9 31.3 37 . 3 32.5 
Y 22.7 19. 8 18 .4 10 .8 19 . 2 -' 
-- - - - -- - - - - - - - --- - - ---- - - ------- - - - - - - - ~- -- - --- ------ - - ---- - -- --- - - --- - -- - - -- - ---- - - -- ----- - --- - --- - -- - ----- - ---- - - - - -- - - -- ..p \Jl 
, "I 
------ - ----- - -------- ----- -- ------- ---- -- ---.- ---- ----- --- ------------------- ----- ------------- ---------- ------ -- ---- --- ---
M36B5563 M36B5766 M36B5768 M36B5772 M36B5791 M36B5792 M36B5805 N36A5822 N36A5824 N36A5826 
-- - - ----------------------------------------- --- ------------------------- - ---- --- - - - ------------ ------ ---- -------------- - -
V 4 117 138 158 31 31 177 39 38 143 
Cr <3 17 20 67 5 6 1 10 < 3 24 
Ni 4 15 21 47 11 5 44 8 4 28 
Zn 82 105 128 110 89 81 106 77 128 82 
Ga 29 29 22 24 26 23 23 28 33 26 
Rb 160 84 48 25 115 132 24 121 58 24 
Sr 138 451 488 584 695 316 585 344 451 643 
Y 53 36 45 36 22 38 34 39 58 34 
Zr 461 301 328 236 557 420 227 384 388 225 
' Nb 54 40 63 49 89 40 44 38 67 45 
Ba 728 498 254 163 589 712 136 658 490 189 
Pb 22 19 5 2 10 14 1 15 10 2 
La 77 46 55 37 71 60 31 55 73 44 
Ce 133 89 98 75 125 111 67 114 128 76 
Nd 56 41 48 33 49 47 33 47 55 36 
Th 25 12 7 4 17 20 5 15 12 6 
Zr/Nb 8.533 7.525 5.206 6.258 6.258 10.500 5.159 10 .1 05 5. 791 5.000 
Zr/Y 8.689 8.361 7.289 6.556 25.318 11.053 6.676 9.846 6.690 6.620 
Zr/ Rb 2.888 3.583 6.833 9.440 4.843 3 . 182 9.458 3.174 6.690 9 .380 
Zr /Ti 0.202 0.043 0.03 1 0. 015 0. 075 0.082 0.013 0.062 0.033 0.014 
Nb/Y 1.019 1. 111 1.400 1.361 4.045 1.052 1.294 0.974 1.155 1.324 
Ti/ Y 42 .984 194.840 234.365 451.300 337. 905 143.101 509.582 156 .800 200.525 484.900 
K/Ba 53.710 42. 675 56 . 216 62.135 45.243 43.608 68.977 42.770 41 .1 70 51.830 
K/Rb 244 .379 253.001 297 . 474 405.119 231.723 235.213 390.866 232.582 347.809 408.163 
Rb/Sr 1. 159 0.186 0.098 0.043 0. 165 0.428 0.041 0.352 0.127 0.037 
Nb/Th 2.160 3.333 9.000 12.250 5.235 2. 000 8.800 2.533 5.583 7.500 
Cen/ Yn 5.802 5.71 6 5.035 4 .81 7 13.137 6.754 4.556 6.759 5.103 5.168 
*Ca/ Al 0.072 0.352 0.487 0. 560 0.251 0 .193 0.532. 0.241 0.378 0.520 
Ti/ l 00 162.468 173.258 164 .865 
3*Y 108.000 102.000 102 . 000 
Zr 236.000 227 .000 225 . 000 
- - - -- -- - - - - - - --------- -- - -- _ ... _ .... -_. _ .. - -_ .. -- - - - - ------- -- -- - _ .. - - - - -- - - - - ---- -- -- ---- ---- - - -- -- --- ----- - - - - -- _ .. .. --- - - - --
Ti/ l 00 32 . 078 34.496 33.518 
3*Y 21.324 20.308 20 .737 
Zr 46.597 45.196 45.744 
2NB 50.7 49.2 49.9 
Zr/4 30.5 31.7 31.2 
-'> Y 18.6 19.0 18 .8 r--
..,.-
-- ------ - - - ------------------------------- ------ -------------- - ------ - -- - ------------------------ - ------- ----- ----------- 0\ 
M'PElIDIX VII 
SElHTIIl JUl( AND MINERAL AWlLYSES 
- Tot"l !'t: .',,5 determined by XRF. and t he c.bundance of Fe203 "nd l"eO were 
cQlculo~ed ueing the fol10win~ relat i onships. 
i 1 ) Fe2C3 / FeO = O. 3 
(2) Totai Fe203 (XRF ar,elysis) - 1.111 FeO + Fe203 
_ (1) FeO' i s colculated fcoon rock analysis using GPP program . 
- (2) For !Dineral analysis :- FeO' is calculated using 
[total Fe203 (MP analysis) X 0.9) + FeO = FeO' 
_ Mineral ana lyses are in Wt. %. 
r~--·"·-"' 
AF'i'lliDIX VII A SEL'EI:TEl2 JUl( ANALYSES 
~Oil 1!64B 53 ~rC3 m l 5826 5e'2' 5822 
H M M M ,., 
'" " '" 
SJU2 49 . 69 51.1 9 61.40 oS .eo 47.95 41'.58 53.60 61.65 
Tl02 2. 71 J.b2 1.1< 0.18 2. 65 2.75 1.94 1.02 
Al20l It. ~1 18.13 18 . 19 16 . 69 16.0q 18. 01 lUI 15.89 
of: FE203 13. 01 e. ?\ US \.03 12.05 11.22 10.75 6.74 
FE D 
Ml:D 0.12 ~. 15 0. 09 0. 03 O. le 0. 16 0.15 0. 14 
MoD Uq 1. 19 O. i7 0.11 5.2& 3.57 2.53 1.17 
CAO l.U 5. 37 4.02 Lb& 8.69 9,37 b.05 3. 23 
NA2D q.4 1 5. 63 5.65 5.11 ~.42 3;69 4.67 4,35 
1:20 1.b5 2.65 3.83 4.18 I. 22 I. 18 2. ~3 3.39 
H2O" O. \q O . .;<1 (J . 90 0.57 I. 53 0.29 0. 73 
H20-
P205 0.79 0.56 0.32 0.12 0.57 0. 56 0.79 0.34 
f6'i"iiL" 99.90 99. 97 100 . 85 98 . 91 99.56 100.1 1 99.21 99.\5 
FEOI I I. il e.o9 U9 ! . 63 lo.aq 10.10 9.67 6.06 
4021 - M36 8Q021 LATE PHASE HAWAI ITE lAVA FLOW 
21 648 - M3 6821 m LATE PHASE MUG EARITE LAVA FLOW 
53 - n36B53 TRACHYTE DIKE 
4003 - LkTE PHASE S!lICk RICP. TR ACHnE LAVA FlO~ 
Il,O) - MIN PH ASE MG RICH HHWAJ1[ LAVA flOW 
SE!6 - MA IN PHAS E MG LOW HAWAIITE L~\'H FLO~ 
S8H - N3 6A5821 MIN PHASE MU6E~RITE LAVA FLOW 
5&22 - 11 3685812 r,m PHASE 5ll1CA RICH BENMOR EITE LAV~ FLO~ 
Ii . - Sami'.1o,8 prefixed by M36B 
tv - 3aruples prefi>:ed by N36A 
APPElIDIX VII B 9::J4E IID'RESENTATIVE MINEmL ANALYSES 
CPU CPU CPU CPI. 4 01.1 01.2 eLl 01.4 PI. I P:.2 P!.l PI.I 11. 1 r1.2 
SI02 49.16 51.56 4Ul 46.61 38,95 37.02 36.50 31.04 Q8.59 63 . 02 ~2. 97 58.10 0. 10 0.51 
T 102 1.75 1.29 1. 09 1.18 0.02 0.04 0.07 0.4l 0.09 0.05 O. I 1 26.26 50.02 
AL203 4.18 3.17 2.90 3. 47 0.06 0.06 0.25 0. 91 2\.42 22.81 27.c2 2!.44 1.50 no 
FE203 0.90 1.46 C.04 4.19 
FED *' 7.b6 6.04 9.89 20.1S
x IU4 28 . 70 31.44 40.31'" O. ~7 0. 21 0.53 0. IS"'6B.13 42.1B'>< 
nNO 0. 10 0.19 0.46 1.1 1 0. 19 0.Q8. 0.87 0.68 O. is 1.44 
MoO IU6 15.59 12.27 7.27 45.02 33 . 02 29.68 20.32 0.11 0.01 t..03 0.03 2.56 0.46 
C~O 22.62 22.81 22.25 17.24 0.23 0. 23 
NA20 0.44 0.33 0.79 1. OQ 0. 02 




TOTAL 100 . 57100.99 99.)6 99.73 99.22 99.57 
feD >if 20.99 
er20) .06000 .58000 .01000 .07000 . C1000 
X = FeQ 
m . l - + C,WO PYROXEN[ 1.311 PHDI-CORE-r.3681C38 
CPU - + CLINOPYROXENE 1.511 PHEN-CORE-r.16n147 
CPU - + CLINOPYRO XENE 1.811 PHEHORE-r,3602187 
CP U -. fERRO AU G; TWABlE 13, 71 
01.1 - + OLIVI NE 1.111 PHEN -CORE -r.36BI174 
01.2 - + OLlvINE I. III PH'N-CORE-mD2187. 





01 .4 - • OLIVI NE(1A8LE 1, 3) HORTONOLITE 150-70 Fal 
PI.1 - +Pl AGIOClASE 1. 51 1 PH,N -CORE-M3681174 
P1.2 - +P l AGI OCLP.SE I.Bll PP.EII - CDRE-r.36D2110 
0. 81 14.18 5.14 II. 61 7.83 0.05 0.71 
4.06 8.<5 4.81 He 0.11 
0. 15 0.87 0. 2e 1.10 
0.91 0.03 0.30 
0.0& 
99 . 93 9i .17 100 .62 97.96 10U6 91'.46 19. 81 
4J.6S .18COO ~:. 95 
• &0000 . 01000 .07000 
P 1.3 - + PlAG J OClASE 1.311 PHEV-CORE - M3602194 
PU - • PLAGIOCLASE(TABLE 31, 4) ~HDES iHE 
I J. I - .,. ILMENITE FHE H-COnE-n3bEi067 
11.2 - • Il K~NlTE(TABL~ 14, 11 
o Analyses taken from Deer et al . (1"86), nUllJbel"'S in parenthesis r",fer to 
th~ir tobles and analysis numbers. + 1t"'lai),ses . {a~en fron: St:well . 1985. Parentheses refer to D!ineral an"lysis 
n\.lllJbe;r and the pl'efix M36 refers teo rock samp le num:...""l-. 
~ 
.[::' 
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